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ABSTRACT
Electrochemical double layer capacitors (EDLCs), supercapacitors and Li-ion
batteries have emerged as premier candidates to meet the rising demands in energy
storage; however, such systems are limited by thermal hazards, thermal runaway, fires
and explosions, all of which become increasingly more dangerous in large-format
devices. To prevent such scenarios, thermally-responsive polymer electrolytes (RPEs)
that alter properties in electrochemical energy storage devices were designed and tested.
These RPEs will be used to limit or halt device operation when temperatures increase
beyond a predetermined threshold, therefore limiting further heating. The development
of these responsive systems will offer an inherent safety mechanism in electrochemical
energy storage devices, while preserving the performance, lifetimes, and versatility that
large-format systems require.
Initial work focused on the development of a model system that demonstrated the
concept of RPEs in an electrochemical device. Aqueous electrolyte solutions of
polymers exhibiting properties that change in response to temperature were developed for
applications in EDLCs and supercapacitors. These “smart materials” provide a means to
control electrochemical systems where polymer phase separation at high temperatures
affects electrolyte properties and inhibits device performance. Aqueous RPEs were
synthesized using N-isopropylacrylamide, which governs the thermal properties, and
fractions of acrylic acid or vinyl sulfonic acids, which provide ions to the solution. The
molecular properties of these aqueous RPEs, specifically the ionic composition, were
shown to influence the temperature-dependent electrolyte properties and the extent to
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which these electrolytes control the energy storage characteristics of a supercapacitor
device. Materials with high ionic content provided the highest room temperature
conductivity and electrochemical activity; however, RPEs with low ionic content
provided the highest “on-off” ratio in electrochemical activity at elevated temperatures.
Overall, solution pH and conductivity were altered by an order of magnitude and device
performance (ability to store charge) decreased by over 70%.
After demonstration of a model responsive electrolyte in an aqueous system, ionic
liquid (IL) based electrolytes were developed as a means of controlling the
electrochemical performance in the non-aqueous environments that batteries, specifically
Li-ion, require. Here, two systems were developed: (1) an electrolyte comprising
poly(ethylene oxide) (PEO), the IL, [EMIM][BF4], and a lithium salt and (2) an
electrolyte comprising poly(benzyl methacrylate) (PBzMA), the IL, [EMIM][TFSI], and
a lithium salt. In each system, the polymer-IL phase separation inhibited device
operation at elevated temperatures. For the PEO/IL electrolyte, the thermally induced
liquid-liquid phase separation was shown to decrease the ionic conductivity, thereby
affecting the concentration of ions at the electrode. Additionally, an increasing charge
transfer resistance associated with the phase separated polymer coating the porous
electrode was shown to limit electrochemical activity significantly. For the PBzMA/IL
electrolyte, the solid-liquid phase separation did not show a change in conductivity, but
did cause a drastic increase in charge transfer resistance, effectively shutting off Li-ion
battery operation at high temperatures. Such responsive mixtures provide a
transformative approach to regulating electrochemical processes, which is necessary to
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achieve inherently safe operation in large format energy storage with EDLCs,
supercapacitors and Li-ion batteries.
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CHAPTER ONE
INTRODUCTION
1.1 Electrochemical energy storage (EES)
While power generation and energy conversion technologies have relied on coal,
natural gas and nuclear fuels for decades, it is not until recently that our electrical grid
has seen an influx of energy generation from renewable resources such as wind and solar
(Yang et al., 2011). Combined with growing efforts to implement electric vehicles
(EVs), electrochemical energy storage (EES) systems are set to play a critical role in our
nation’s energy infrastructure as we begin to transition to these intermittent, renewable
resources and energy storage for transportation (Burke, 2007). While traditional methods
such as pumped hydroelectric and compressed air energy storage will satisfy initial
requirements for the introduction of wind and solar power into the electrical energy grid,
a large-scale transition away from fossil fuel power generation and the introduction of
EVs will require the use of high power, high energy EES devices (Haruna et al., 2011).
Motivation for selecting EES systems to lead the drive in large-format energy
storage originates in their ability to meet certain performance requirements. Figure 1.1
shows the selection criteria for technologies that are potential candidates for large-format
energy storage. An ideal energy storage device would be capable of addressing four key
properties: high power, high energy, stability and versatility. Specifically, devices should
possess both high power densities (time rate of energy transfer per volume) and high
energy densities (high capacities at high potentials, energy per volume) and have the
ability to be manufactured and employed in both mid- and large-formats (Gogotsi &
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Simon, 2011). Devices must also be capable of “charging” and “discharging” their stored
form of energy on demand, for long periods of time and at high rates. They must have
the ability to support numerous “charge” and “discharge” cycles for their stored form of
energy over an extended period of time. In order to reduce costs and preserve a reliable
source of power, devices must be physically and chemically stable over a wide range of
conditions and timescales. Finally, in order to meet the demands of electrical energy
storage from both conventional and renewable resources while satisfying the needs for
EVs, devices must be capable of both stationary and mobile applications.

Figure 1.1 Criteria for selecting technologies for large-format energy storage
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When considering these criteria, only EES devices show the potential to meet the
demands of large-format energy storage. While extremely reliable and stable,
mechanical devices are capable of either high energy, in the case of pumped hydroelectric
and compressed air, or high power, in the case of flywheels (Koohi-Kamali et al., 2013).
Furthermore, these devices are limited by their size and structure and likely cannot be
adapted to mobile applications. Electrical devices such as physical capacitors (Fletcher et
al., 1996) and superconducting magnetic technologies (Buckles & Hassenzahl, 2000)
possess high power capabilities but are limited by low energy densities that cannot satisfy
large-scale energy storage needs. EES devices, however, are tuned for all four criteria.
They are capable of high power and high energy, stable and reliable energy conversion,
and are adaptable to both stationary and mobile applications.
Common EES devices, such as electrochemical double layer capacitors (EDLCs),
supercapacitors and batteries, are designed to store electrical energy for future use:
directly for EDLCs or through a chemical conversion process for batteries and
supercapacitors (Liu et al., 2010). These devices currently find application in a wide
variety of small-format, technical applications that include, but are not limited to,
starting, lighting, and ignition (SLI) in vehicles, cordless power tools, computers, mobile
devices, military and spacecraft technologies, electronics and uninterruptible power
sources (Guo et al., 2008). When used individually, in series, or in parallel, these EES
devices are capable of supporting a wide variety of currents, voltages, and power rates for
various applications, with each type of device having characteristic operating
performances and conditions.
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Research efforts into EES devices with the capability of supporting large-format
energy storage have progressed considerably in the past decade. But while significant
advances in EDLCs, supercapacitors and batteries have been made, certain milestones for
cycle life, power density, energy density, safety and $/kWhr still need to be met before
these devices can be implemented (Choi et al., 2012). When high performance EES
technologies of this type are finally realized, however, systems may one day have the
capability of supporting renewable energy power generation for a more efficient electric
grid and EVs with long distance capabilities and increased efficiency.
Although they possess a wide variety of energy storage and conversion
mechanisms, performance capabilities, sizes, operating conditions and materials, all EES
devices have analogous components (Winter & Brodd, 2004). Figure 1.2 illustrates the
key elements of a model EES device: current collectors, anode (negative electrode),
cathode (positive electrode), electrolyte and separator.

Figure 1.2 Schematic of a typical electrochemical energy storage device and operation
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While many intricate and valuable electrical and structural components are
incorporated into commercial EES devices, these five components typically dictate the
weight, volume, performance, lifetime, cost and safety characteristics of a device. All
EES devices (and electrochemical devices in general) require two electrodes. These
electrodes are separated by an ion conducting media (porous films soaked with an
electrolyte solution) that allows for ion transport during operation. The electrodes are the
components that directly take part in the electrochemical processes and are generally
comprised of materials tailored for each type of device and application (e.g. high
porosity, high surface area materials for EDLCs or energy dense, high voltage materials
for batteries). Additionally, electrodes for EES devices are typically selected for specific
applications and can be tailored depending on the performance needs, cost and conditions
(e.g. high vs. low temperature, stationary vs. mobile, etc.).
Current collectors for electrochemical devices typically consist of highly
conductive materials (stainless steel, aluminum, copper) capable of withstanding device
operating conditions and electrolyte properties (aqueous, nonaqueous, acids, bases, etc.),
yet they must maintain minimum resistance with the active material in the electrode.
Current collectors must not interfere with the electrochemical processes that occur, be
inexpensive, light weight, low volume and easily processable, and be capable of forming
an ideal contact with the electrode material. The electrolyte, which is typically
comprised of a salt, acid, or base dissolved in an organic, aqueous, ionic liquid or
polymer solvent, plays the role of ion conductor between the anode and cathode.
Electrolytes must facilitate the movement of ions to the electrodes during electrochemical
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cycling, provide high conductivities in order to decrease internal resistances in the cell
and avoid ion concentration gradients, and be thermally and chemically stable over the
wide range of conditions the device will operate (Xu, 2004). Finally, the separator,
which is often comprised of porous polymers, polymer gels or natural and synthetic
nonwoven fibers, is employed to separate and prevent the electrodes from touching,
which would result in a short circuit. Separators must allow the electrolyte and,
specifically, ions in solution to move freely. They must show high mechanical stability
and provide minimal internal resistance to device operation (Arora & Zhang, 2004).
When the above electrochemical components are assembled, an electrochemical
cell is formed. Upon contact with the electrolyte, a spontaneous potential is formed at
each electrode/electrolyte interface (a product of thermodynamic equilibrium) whereby
excess charge within the electrode (positive or negative) is compensated by the
adsorption of oppositely charged ions in solution. This arrangement of charges in the
electrode and the electrolyte results in a potential difference across each interface and an
initial potential across the entire electrochemical device, which is equal to the difference
of the half-cell potentials of each electrode (0V for symmetrical electrodes). During
charging and discharging of EDLCs, supercapacitors and batteries, current flows into (out
of) the cell, resulting in an increase (decrease) in the cell potential and an increase
(decrease) in energy.
The electrochemical charging process involves the application of a current or
potential using an external source of electrical energy. Externally, electrons are passed
between the two electrodes and ions move internally to support the electron flow. During
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discharge, the process is reversed, electrons move in the opposite direction, and the
current that is produced can be used for useful work. Throughout the charge/discharge
processes, the potential and/or chemical composition throughout the cell are altered
through ions that are either electrostatically adsorbed or chemically stored, through an
oxidation/reduction process at the electrode/electrolyte interface (Winter & Brodd, 2004).
For EDLCs, charge is stored at the double layer of the electrode/electrolyte
interface, where applied currents or potentials result in a net positive or negative charge
within the first few Angstroms of the electrode interface that is countered by the
adsorption of oppositely charge ions in solution. This charge separation between the
electrode and the ions in solution is similar to the charge separation that occurs in a
conventional physical capacitor and is referred to here as the electrochemical double
layer (DL). During the charging process, the applied current increases the amount of
charge separated at each electrode resulting in the development of a potential difference
across the system and an overall increase in the energy stored. This energy can then be
released as the process is reversed, the potential difference across the DL is returned to its
initial value, and electrical energy is released through the passage of current (Inagaki et
al., 2010).
EDLCs have several advantages over other EES devices (Zhang & Zhao, 2009).
They are lower in cost, highly reversible, stable, and possess long lifetimes. EDLCs have
operating voltages of approximately 1.2V in aqueous electrolytes, up to 3.3V in organic
electrolytes, and up to 5V in ionic liquids. Because EDLCs do not rely on faradaic
reactions, where a kinetically limiting oxidation/reduction (redox) of a species in solution
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or within the electrode material occurs, they are generally considered to have the highest
power densities of the three EES devices (up to 10 kW/kg) and the longest cycle life (up
to 106 charge/discharge cycles). Additionally, the lack of redox reactions at the electrode
surface, which often results in unwanted side reactions and overheating, makes them the
safest of the EES devices (Mastragostino & Soavi, 2007). EDLCs, however, rely on the
storage of charge at the electrode/electrolyte interface and both capacity and energy
density are limited by the available surface area of the electrode material and the ability
of ions in solution to readily adsorb/desorb (capacitances range from 0.1 to 500 F and
energy densities as high as 5 Whr/kg) (Inagaki et al., 2010). For this reason, high surface
area materials, such as activated carbon, carbon nanotubes and graphene, are typically
used in combination with highly conductive electrolytes that are tailored for the active
electrode material of choice. Even with these high surface area materials, EDLC energy
densities are still low compared to supercapacitors and batteries (Pandolfo &
Hollenkamp, 2006).
Supercapacitors, which are sometimes referred to as psuedocapacitors, hybrid
capacitors or ultracapaitors, are modified versions of the EDLC, where redox materials
are incorporated to increase the device’s energy density. Unlike batteries,
supercapacitors rely on facile faradaic reactions that allow for the high power densities
obtained in EDLCs with an additional increase in energy density (Wang et al., 2012).
The incorporated redox materials are generally metal oxides, such as ruthenium or
manganese oxide, or conducting polymers, such as polyaniline or polypyrrole (Snook et
al., 2011; Wei et al., 2011). Redox reactions occur within the electrode material itself
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and changes in the oxidation state (i.e. M0 to M+1, where M is the active material) are
compensated by ions in solution. Similar to EDLCs, the amount of charge stored relies
heavily on the device’s material properties, such as the amount of active material
available to charge, the availability of ions to charge compensate, the ability of the ions to
infiltrate the porous electrode structure, and to some degree, the surface area of the
supercapacitor material. Additionally, DL capacitance, which is present in all
electrochemical devices, still contributes significantly to the capacity and energy storage
of supercapacitors. Figure 1.3 shows an example of a supercapacitor device made of a
fibrous conducting polymer electrode. During the charging process, the passage of
current results in the oxidation of the polymer and the movement of ions to or from the
electrode material in order charge compensate (referred to as doping or dedoping)
(Heinze et al., 2010). Similar ion compensation is seen in metal oxide supercapacitors.

Figure 1.3 Schematic of a conducting polymer supercapacitor where oxidation of the
active material results in charge compensation via ions in solution
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While they possess similar power densities and slightly lower lifetimes,
supercapacitors show capacitances up to 100 times higher and energy densities up to 10
times higher than traditional EDLC devices; however, the introduction of expensive
metal oxides and conducting polymers that are difficult to process increases cost
significantly compared to EDLCs (Burke, 2000).
Of the three EES systems considered for large-format energy storage, secondary
(rechargeable) batteries are the most actively researched due to a wide variety of
chemistries, operating conditions, and applications (Dunn et al., 2011). Unlike
supercapacitors and EDLCs, batteries rely entirely on slower faradaic reactions that occur
at the anode and cathode electrode/electrolyte interfaces. Traditional battery chemistries,
such as lead-acid, nickel cadmium and nickel metal hydride, have been the work horse
for energy storage systems for decades, creating energy dense devices that made many of
the technologies we use today possible. In the last 20 years, however, the
commercialization of batteries utilizing Li-ion chemistries has paved the way for
advances in portable electronics and hybrid vehicles. Commercial Li-ion batteries
(LIBs), with energy densities much higher than EDLCs, supercapacitors, and other
comparable battery technologies, consist of several very distinct components: a graphitic
carbon anode, a lithium metal oxide cathode, a porous polymer separator and an
electrolyte comprised of a lithium salt in an organic solvent (Winter & Brodd, 2004).
During the charging process in LIBs, lithium ions in solution are intercalated
(inserted) into the graphitic anode and removed from the lithium metal oxide cathode.
Lithium ions in solution support the transport of ions to and from the electrodes and
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provide the conductive pathway to complete the electrochemical circuit and the external
flow of current. Upon discharge, the flow and intercalation of lithium ions is reversed as
the battery returns to its initial state of charge. Contrary to supercapacitors, LIBs charge
and discharge at nearly constant potentials, can operate at potentials in excess of 4V, and
have energy densities up to 20 times higher (Goodenough & Kim, 2009). LIBs, however,
suffer from several drawbacks including limited power capabilities, short lifetimes, and
high costs (Tarascon & Armand, 2001).
While there are numerous advantages to using LIBs over all other EES
technologies, the current materials, chemistries, and technology employed still create two
adversities for the implementation of LIBs in large-format systems: (1) commercially
available LIBs still lack the energy densities, power densities, and low costs needed to
support large-format energy storage and (2) their inherently high energy and reactive
components (anode, cathode, electrolyte) make them highly unstable when abused
outside their normal operating conditions. While many avenues are being explored to
solve these two problems so that LIBs can be implemented in large-format energy storage
(Haruna et al., 2011), the focus seems to be heading towards the development of new
materials that increase energy density (Scrosati et al., 2011) and reduce cost (Ji & Nazar,
2010) rather than addressing issues of safety (Balakrishnan et al., 2006; Kim et al., 2007;
Roth & Orendorff, 2012).
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1.2 Thermal safety issues and mechanisms in EES
Although commercially available EES devices are generally considered safe, the
introduction and scale-up of EDLCs, supercapacitors and batteries for large-format
energy storage brings to light many of the underlying safety issues that are typically
insignificant in small-format systems. Because large-format systems will deal directly
with energy storage for the electrical grid and EVs, safety issues must be addressed so
that future applications can be maintained in a safe and reliable manner.
EDLCs are generally considered the safest of the three EES systems, as they are
typically comprised of carbon materials (Inagaki et al., 2010). The separator material in
EDLCs is typically a polymer or non-woven fiber that is soaked in an aqueous or organic
electrolyte. Because EDLCs avoid dangerously high voltages and faradaic reactions, the
greatest risk is generally associated with leakage of the electrolyte and the possibility of
corrosion (from strong acids and bases) or combustion (from organic solvents). Like
EDLCs, supercapacitors are generally considered safe. While some of the electrode
materials are considered toxic, they typically operate under similar conditions to those in
EDLCs and do not pose serious risk outside of corrosion or flammability.
Recently, two areas of research in supercapacitors and EDLCs have looked at
avoiding the often corrosive and flammable electrolytes. The first is the use of all solid
state electrolytes (Fergus, 2010; Meyer, 1998) that provide a means of ion conduction
without dangerous liquids. These materials are often made from polymers or other solid,
ion conductive materials but suffer from low conductivities and performance. The other
opportunity is in the use of room temperature ionic liquid (IL) electrolytes. ILs are liquid
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materials that consist entirely of ionic species at room temperature. They are highly
conductive, non-volatile, non-flammable, and possess a wide electrochemical potential
window (Galiński et al., 2006; Shin et al., 2003; Welton, 1999). Because of these
favorable properties, ILs are seen as safe electrolytes for EES devices such as EDLCs and
supercapacitors, however, their limited production due to low demands and high costs
have limited their implementation.
As with all EES devices, EDLCs and supercapacitors are typically fitted with
burst vents (in case the internal pressure or temperature of the cell elevates), thermal
fuses, and separators that are mechanically and chemically stable, so as to avoid
electrochemical breakdown or short circuit. Devices are typically enclosed in hard cases
or pouches that seal off the internal materials from the environment and reduce the risk of
electrolyte evaporation, leakage, or combustion.
While EDLCs and supercapacitors show promise for immediate introduction due
to limited safety issues, one of the main goals for large-format energy storage is the
implementation of high energy density and high power density devices that are safe,
stable, and reliable. With LIBs leading the way in the category of energy dense devices,
it is likely that these materials will be at the forefront of EES implementation in the
electrical grid and EVs. While research into newer, more efficient LIB electrodes,
electrolytes, and separators are being developed to increase the performance and lower
costs, the safety issues associated with these devices are often overlooked.
Commercial LIBs and many of the new lithium-ion technologies being employed
are comprised of highly oxidizing and reducing electrode materials, flammable non-
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aqueous electrolytes, slightly soluble current collectors, and low melting temperature
separator materials (Balakrishnan et al., 2006). Combined with high currents, high power
rates, difficulties in dissipating heat from enclosures and cases, and the possibility of
short circuiting due to Li plating on the anode, LIBs have the potential to cause
catastrophic failure in large-format energy storage through exothermic reactions between
the electrodes and electrolyte, short circuits, overheating, thermal runaway, and
ultimately fires and explosions (Doughty & Roth, 2012). Many of the current safety
mechanisms in LIBs provide a means for inhibiting these types of thermal hazards;
however, their applicability in large-format energy storage may be unreliable.
As with EDLCs and supercapacitors, safety vents are utilized to prevent internal
temperatures and pressures from rising within the cell and to release the buildup of
dangerous gases. Additionally, thermal fuses are used to disconnect the device from the
current load in the event of the cell reaching high temperatures (Balakrishnan et al.,
2006). The shortcoming of these two devices is that they are both irreversible, rendering
the LIB inoperable. In order to provide a reversible means of thermal safety or shutdown
in LIBs, positive temperature coefficient (PTC) devices are often implemented. Here, a
dangerous rise in temperature increases the resistance in the external load, greatly
limiting the passage of current and effectively shutting down the device. While thermal
fuses, PTCs and safety vents provide adequate means of safety in LIBs in small-format
scenarios, they may not be the best solution for large-format devices, as they rely on
global temperatures and pressures of the entire cell to activate. Internal cell overheating
(pinpoint hotspots), therefore, may be overlooked in these scenarios, where the overall

14

cell temperature and pressure remains below the predetermined cutoff limit while thermal
runaway actual initiates in a small portion of the cell.
Several materials and additives have been implemented in LIBs to provide a
means of safety that is internal to the device, so that local overheating may be modulated.
Polyolefin battery separators, often comprised of poly(ethylene) (PE), poly(propylene)
(PP), or trilayer materials PP/PE/PP, are employed in LIBs as both a means of separating
the anode and cathode, but also as a means of thermal shutdown in the case of increased
temperatures (Arora & Zhang, 2004; Orendorff, 2012). When local overheating occurs
above the melting point of the battery separator, the material softens, the porous pathway
for ionic conductivity closes, and the area of overheating is effectively shut down due to
an increase in resistance of several orders of magnitude. While effective, these thermal
shutdown separators are irreversible and can lead to ruined and wasted batteries, a
characteristic that would not benefit large-format energy storage.
Other forms of safety measures in LIBs include the use of redox shuttles that
prevent overcharging (which would result in the dissolution of the cathode material and
generation of large amounts of heat) and the use of shutdown additives for overcharge
protection (where additives release gases that trip the safety vent or polymerize on the
electrode material deactivating it) (Balakrishnan et al., 2006). While many of these
measures are currently in place in commercially available, small-format LIBs, their use in
large-format systems is not advisable. Irreversible shutdown mechanisms result in
wasted batteries, increased replacement, disposal, and recycling costs, and systems that
are unreliable for the electrical grid or EVs.
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Because moving away from LIB electrode materials that provide high energy
densities is out of the question, several avenues remain for implementing and improving
safety measures in these energy storage devices without utilizing irreversible safety
mechanisms. This first option is to use polymer electrolytes or ionic liquids as
replacements for the highly reactive alkyl carbonates traditionally used in LIBs. These
organic solvents are often unstable at the potentials employed in LIBs and can often be
the source for thermal runaway in devices that have been begun to overheat (Roth &
Orendorff, 2012). Polymer electrolytes provide a means of utilizing the high energy
densities of LIBs and are highly stable against LIB potentials (up above 4.5V), even after
overheating has begun. Poly(ethylene oxide), polysiloxanes, poly(acrylonitrile),
poly(styrenesulfonates) and their derivatives have long been combined with lithium salts
to create polymer electrolytes, which provide a safe alternative to traditional alkyl
carbonates and lithium salt mixtures for commercial LIBs. These polymer electrolytes,
however, possess low power density (low discharge rates) due to their low ionic
conductivity (Manuel, 2005; Meyer, 1998). Ionic liquids, however, provide high
conductivities and therefore high power rates (Shin et al., 2003). However, when used as
bulk electrolytes, many ILs are not compatible with the LIB electrodes over the entire
potential range (particularly the anode) (Galiński et al., 2006; Garcia et al., 2004; Seki et
al., 2006). While ILs do not always react at the electrode surface, they often intercalate at
potentials higher than that of lithium, greatly decreasing the device performance by
blocking lithium insertion (thereby lowering the cell potential, capacity and energy
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density) and drastically decreasing the device efficiency (Lewandowski & ŚwiderskaMocek, 2009).
The second option for safety in LIBs is the combination of polymer electrolytes
and additives to increase the ionic conductivity (Kumar et al., 2011; Shin et al., 2005; Ye
et al., 2013). The performance of these polymer electrolytes, particularly the lithium ion
conductivity, has been shown to increase with the addition of traditional molecular
solvents such as acetonitrile and alkyl carbonates (Song et al., 1999); however, these
changes reintroduce many of the safety hazards associated with traditional electrolytes
(electrode/electrolyte reactions, volatility, and flammability) (Roth & Orendorff, 2012).
Devices utilizing IL-doped polymers have shown great promise for electrolytes in
LIBs without sacrificing on the safety advances that solid polymer electrolytes provide
(Ye et al., 2013). These systems benefit from the advantageous solvent properties of ILs,
which help to increase the polymer mobility, and therefore, conductivity of Li-ions in the
electrolyte (Shin et al., 2003). Even in small concentrations, ILs are capable of
increasing the conductivity of traditional polymer electrolytes by several orders of
magnitude, a necessity for future high power energy storage devices (Kumar et al., 2011).
Unlike conventional methods that require selection between low-performance
devices and destructive safety measures, continuing advances in energy storage will
require creative approaches in engineering and material design to mitigate safety issues
while maintaining performance. And while IL-doped polymer electrolytes have shown
promise as safe alternatives to traditional reactive alkyl carbonate electrolytes, batteries
are still capable of overheating and exhibiting thermal runaway when they are utilized.
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Therefore, it is necessary to begin looking at ways of creating functional LIB polymer
electrolytes that provide both a means for stability (> 4V) and high performance (high
conductivity due to incorporate of ILs), while having a built in response mechanism that
can be utilized to mitigate overheating and inhibit thermal runaway.

1.3 Stimuli-responsive polymers for electrochemical energy storage
Synthetic polymer chemistry provides tremendous opportunities to design unique
materials with properties that respond to environmental changes (Stuart et al., 2010;
Yerushalmi et al., 2005). These stimuli-responsive materials, commonly referred to as
“smart materials”, have attracted considerable attention, aimed at developing advanced
systems with properties that respond in a predictable and reliable manner (Liu & Urban,
2010). A key feature of these materials is their ability to change their chemical or
physical properties reversibly and maintain a range of conditions in which systems can
operate (Gil & Hudson, 2004). Polymer systems, such as colloids, membranes, gels,
films and brushes (Ahn et al., 2008; Motornov et al., 2010; Nath & Chilkoti, 2002;
Wandera et al., 2010), are particularly attractive for responsive systems as their inherent
properties can be tailored through physical and chemical modifications in order to
achieve a given performance requirement (Lee et al., 2010).
The structure, composition and function of these systems can be adapted to
respond to stimuli such as, pH, light, temperature, chemical composition, electric and
magnetic fields, or force and can influence a change in the mechanical, electrical,
chemical, or optical properties. And while research in responsive materials is expanding
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in areas such as biosensors and biointerfaces (Hu & Liu, 2010), coatings and textiles
(Crespy & Rossi, 2007; Hu et al., 2012), actuators (Smela, 2003), tissue engineering
(Alexander & Shakesheff, 2006; Place et al., 2009), and drug delivery (Yu & Ding,
2008), many fields, such as electrochemistry and electrochemical energy storage, remain
unexplored.
As previously mentioned, recent developments in energy storage technology have
shown remarkable progress motivated by growing demands for large-format devices in
transportation and renewable energy generation. Advances EES devices have delivered
record highs in power and energy density and shown promise for implementation in
large-format energy storage systems. Such advances, however, still fail to meet key
performance metrics (e.g. high energy density, cycle life, cost, and safety) that are
essential for transportation and grid-level integration. Because of their light weight and
high cell voltage, LIBs possess high energy densities, making them the premier focus of
energy storage research. As the need for battery size in large-format energy storage
increases, the potential for catastrophic failure grows. Polymer electrolytes with low
conductivity (therefore low power output) and thermal fuses, PTCs, safety vents, and
trilayer separators that all activate at high temperatures (rendering the battery useless) are
currently used to mitigate thermal hazards. Regrettably, these approaches are not
amenable to safe and efficient large-format systems.
While it has been shown that IL-doped polymer electrolytes have drastically
improved performance, these materials do not completely mitigate the thermal hazards
associated with LIBs. Because a functional polymer electrolyte is needed (one that can
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respond to changes in the system temperature reversibly), research has turned to
responsive materials, and more specifically, thermally-responsive polymers that exhibit a
significant change in properties that can lead to changes in (Li) ion conductivity and
device performance when the temperature of the system passes a defined threshold.
For many years, it was thought that thermally-responsive polymers only existed in
water based systems. Poly(N-isopropylacrylamide) (PNIPAM), the most actively studied
responsive polymer, shows a thermal response in aqueous environments when the
solution is heated above its lower critical solution temperature (LCST) of ~32 ⁰C
(Heskins & Guillet, 1968; Schild, 1992). Above this temperature, the polymer becomes
insoluble, aggregates, and eventually phase separates from the aqueous solution. While
PNIPAM has found hundreds of applications over the past 50 years, high voltage, high
energy LIBs are not compatible with aqueous systems and therefore are not compatible
with the aqueous thermal phase separation of PNIPAM. Within the past 15 years,
however, thermally-responsive polymers have been discovered in nonaqueous
environments, and specifically, in ILs.
The discovery of polymers that show a thermal response in ILs began with the
discovery of the upper critical solution temperature (UCST) of PNIPAM in certain ILs,
where the polymer phase separates as the temperature is lowered (Ueki & Watanabe,
2006). Upon realizing that such systems exist, research groups led by Lodge (Minnesota)
and Watanabe (Yokohama National University) actively pursued polymers that showed
LCST type thermal responses in ILs (Ueki & Watanabe, 2008). Within the past ten
years, several classes of polymers, including poly(ethylene oxide) and its derivatives (Lee
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& Lodge, 2010; Lee et al., 2012; Li & Wu, 2013; Tsuda et al., 2008), poly(aryl
methacrylates) such as poly(benzyl methacrylate) (Fujii et al., 2011; Ueki et al., 2009;
Ueki & Watanabe, 2007), and poly(alkyl methacrylates) such as poly(n-butyl
methacrylate) (Lee & Lodge, 2011), have been shown to possess LCST transitions in ILs
at temperatures ranging from 80 – 200 ⁰C. The temperature range of the LCST
transitions in these polymers is of particular interest to energy storage devices, as LIB
overheating and thermal runaway typically begin in the temperature range of 80-100 ⁰C,
with thermal shutdown separators melting near 135 ⁰C, and complete thermal runaway
occurring near 200 ⁰C.
The idea of thermal control and safety in large-format comes to life with the
realization that thermally-responsive polymer electrolytes (RPEs) can be developed using
specific polymers in ILs (i.e. polymer electrolytes). The additional safety aspect that is
sought for these RPE systems in EES devices (specifically LIBs) will make use of the
LCST of certain polymers (e.g. poly(benzyl methacrylate) (PBMA) and poly(ethylene
oxide) (PEO)) in pure ILs and ILs with a lithium salt. By varying the polymer structure
and MW, type of IL, lithium salt, and solution composition, it may be possible to show
how the structure-property relationships of these systems influence thermal control in
LIB devices. Specifically, a material may be able to be designed and optimized that
allows for high performance operation at low temperatures and enacts a change in (Li)
ion conductivity or other battery performance metric (so that battery operation is
inhibited or shutdown) at temperatures above the LCST. Ideally, these RPEs would be
capable of responding to localized and global overheating in LIBs (i.e. at hot spots or the
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entire battery) and would be reversible in nature, allowing the system to return to its
initial performance as the systems cool down.

1.4 Dissertation Outline
The goal of this doctoral work was to understand the temperature dependent
behavior of responsive polymer electrolytes in order to create a proof of concept for an
inherently safe mechanism to mitigate thermal hazards in electrochemical energy storage
devices. The approach used here was to first demonstrate the use of these materials in a
model system comprised of the responsive polymer poly(N-isopropylacrylamide) and
ionic groups such acrylic acid. Next, thermally-responsive polymer electrolytes that were
compatible with more advanced energy storage devices, such as Li-ion batteries, were
demonstrated in ionic liquid systems. This dissertation consists of four main chapters,
two devoted to the study of the solution properties and electrochemical properties of
aqueous responsive electrolytes and two devoted to the study of the solution properties
and electrochemical properties of ionic liquid based responsive electrolytes.
Chapter 2 describes the synthesis, design and testing of the solution properties of
a variety of copolymers comprised of N-isopropylacrylamide and acid containing groups
such as acrylic acid, p-styrenesulfonic acid, and allylsulfonic acid. Copolymers were
synthesized with varying ionic contents and electrolytes were created with varying
polymer weight percents to determine the temperature-dependent properties of solutions
of aqueous responsive polymer electrolytes. The overall objective of this work was to
test the pH and conductivity of a variety of polymer solutions as they were heated
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through their LCST and phase separated, resulting in a change in overall solution
properties that were dependent on the copolymer structure and the solution composition.
In Chapter 3, the electrochemical properties of the acrylic acid based copolymers
from Chapter 2 were tested on a model electrochemical energy storage device consisting
of the conducting polymer, polyaniline. The temperature-dependent electrochemical
properties of the polyaniline cell were investigated by heating and phase separating the
responsive polymer electrolyte solutions through their LCST. The performance of the
polyaniline cells were compared at both high and low temperatures and was contrasted to
polyaniline cells tested in sulfuric acid solutions of a similar conductivity and pH. The
overall objective of this work was to demonstrate the ability of responsive polymer
electrolytes to shut down a model energy storage device through an increase in
temperature and to demonstrate the reversibility of the electrolytes as the solutions were
cooled below the LCST and the performance of the device was restored.
Chapter 4 describes design and testing of the solution properties of a variety of
polymers that show a LCST transition in ionic liquids. Responsive electrolyte solutions
of poly(ethylene oxide) and poly(benzyl methacrylate) were combined with ionic liquids
and were characterized using cloud points measurements to determine the LCST of the
and show how the addition a lithium salt affected this temperature. Additionally,
conductivity measurements were performed in order to monitor the solution properties of
the electrolytes as they were heated through their LCST and phase separated. The overall
objective of this work was to determine the transition temperatures for ionic liquid based
responsive polymer and observe their effect the conductivity of electrolytes.
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In Chapter 5, the electrochemical properties of the ionic liquid based responsive
polymers from Chapter 4 were tested electrochemical energy storage devices consisting
of the carbon supercapacitors and lithium ion batteries. The temperature-dependent
electrochemical properties of the cells were investigated by heating and phase separating
the responsive polymer electrolyte solutions through their LCST. The performance of the
cells in the responsive polymer electrolytes were compared at both high and low
temperatures and were contrasted to electrolytes comprised of pure ionic liquid. The
overall objective of this work was to demonstrate the ability of the responsive polymer
electrolyte to inhibit or shutdown supercapacitors and lithium ion batteries when heating
through the LCST and demonstrate that the overall performance of high energy devices
can be controlled with temperature.
Publications from this work at the time of dissertation submission include the following
with modifications:

Chapters 2 & 3 were based on the following publications with minor revisions:

1) J. C. Kelly, M. Pepin, D. L. Huber, B. C. Bunker, M. E. Roberts, Reversible control
of electrochemical properties using thermally-responsive polymer electrolytes.
Advanced Materials 24, 886-889 (2012).
2) J. C. Kelly, D. L. Huber, A. D. Price, M. E. Roberts, Switchable electrolyte properties
and redox chemistry in aqueous media based on temperature-responsive polymers.
J. Appl. Electrochem. Under Review (2014).
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Chapters 4 & 5 were based on the following publications with minor revisions:

3) J. C. Kelly, N. Degrood, M. E. Roberts, Inhibiting Li-ion battery operation at high
temperature with thermally responsive polymer electrolytes. Chem. Commun. Under
Review (2014).
4) J. C. Kelly, R. Gupta, M. E. Roberts, Responsive Electrolytes that Inhibit
Electrochemical Energy Conversion at Elevated Temperatures. J. Mater. Chem. A
Under Review (2014).
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CHAPTER TWO
MATERIALS AND SOLUTION PROPERTIES OF RESPONSIVE
AQUEOUS ELECTROLYTES
2.1 Introduction
Research in responsive materials for aqueous systems has received significant
attention from disciplines ranging from chemistry and biology to engineering, to provide
solutions to existing challenges and open new research and technological opportunities.
And while research is expanding in areas such as biosensors and biointerfaces (Hu & Liu,
2010), coatings and textiles (Crespy & Rossi, 2007; Hu et al., 2012), actuators (Smela,
2003), tissue engineering (Alexander & Shakesheff, 2006; Place et al., 2009), and drug
delivery (Yu & Ding, 2008), many fields, such as aqueous electrochemistry, remain
unexplored.
Advances in applied electrochemistry, particularly electroanalytical sensing,
corrosion prevention, and electrodeposition, continue to attract extensive research efforts.
While these fields will benefit from the implementation of smart materials, progress in
advanced electrochemical energy storage devices, particularly batteries (Arico et al.,
2005) and supercapacitors (Simon & Gogotsi, 2008), show potential for immediate
impact. Developments in electrochemical energy storage, such as advanced electrode,
electrolyte and separator materials for aqueous applications, may benefit from the
introduction of smart materials capable of responding to internal or external stimuli. For
aqueous electrochemical energy storage, electrolytes are typically solutions of highly
conducting salts, acids, or bases that provide either a means for energy storage (ions for
the charging of the electrochemical double layer in EDLCs or for charge compensating
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redox processes in metal oxide and conducting polymer supercapacitors) or a means for
high power devices (ions provide the necessary conductive pathway for EDLCs,
supercapacitors, or aqueous battery systems) (Chang et al., 2014). With the introduction
of smart materials, aqueous energy storage systems may be capable of responding to
system changes so both device properties and operation can be regulated in a predictable
and reliable manner.
In this work, aqueous electrolyte solutions with temperature-dependent properties
are examined as possible candidates for smart energy storage where a key thermal
mechanism can be used to alter device operation with temperature. In order to modify
the operation of an electrochemical device with this type of change, one of several
properties of the electrolyte must be modified. Here, the solution conductivity (which is
a function of ion concentration, mobility, and charge) and pH (which is a function of
proton concentration) of aqueous electrolytes will be modified using the phase separation
of a thermally-responsive polymer based on poly(N-isopropylacrylamide) (PNIPAM),
which exhibits a well-known phase transition in aqueous solutions due to its lower
critical solution temperature (LCST) around 32 °C (Schild, 1992). When acid or ionic
groups are incorporated into the polymer, free ions are available in the solution below the
LCST, providing a means for both solution conductivity and pH; however, an increase in
temperature causes the polymer to collapse into an environment that suppresses proton or
ion dissociation and can increase the pKa/pH and reduce the conductivity (Daly &
Saunders, 2000; Urry et al., 1992). The phase transition mechanism for both
homopolymers and copolymers of PNIPAM has been utilized in the past for applications
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such as the reversible capture and release of chemical analytes (Huber et al., 2003; Hyun
et al., 2004), purification of proteins and other macromolecules (Alarcon et al., 2005),
drug delivery (Schmaljohann, 2006), sensors (Hong et al., 2009), and reversible
opening/closing of porous membranes (Liang et al., 2000). Here, we use it to alter
electrochemical properties.
Thermally-responsive polymer electrolytes (RPEs), comprised of NIPAM and
acrylic acid (AA), NIPAM and p-styrenesulfonic acid (SSA), and NIPAM and
allylsulfonic acid (ASA), were investigated as means of controlling electrolyte properties
with temperature. The mechanism by which the acid-containing PNIPAM electrolyte
displays thermal control relies upon the switching between the dissolved and collapsed
state of the polymer. Below the PNIPAM transition temperature, the polymer-bound acid
groups reside in a water-rich environment, in which the acid groups exhibit properties
similar to acetic acid or sulfuric acid in water. Above the LCST, the polymer collapses
and the acid groups reside in a hydrophobic environment that suppresses proton
dissociation. As the ionic content in the polymer is increased, higher ion concentrations
can be achieved in electrolyte solutions, providing a higher conductivity and a more
active electrochemical system. However, the phase separation ability of PNIPAM
depends on interactions between neighboring hydrophobic NIPAM groups and the
incorporation of hydrophobic, hydrophilic, or ionic comonomers is known to shift the
solution’s thermal response (Liu et al., 2009). Figure 2-1 shows an illustrative schematic
of the thermal transition of the NIPAM and AA copolymer electrolytes and illustrates
how pH and conductivity can be controlled with temperature (via a decrease in ion
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availability). Here, we correlate copolymer structure with the properties of RPE solutions
and compare these properties to a copolymer of N,N-dimethylacrylamide (DMA) and
AA, which does not phase separate in aqueous solutions at normal temperatures and
pressures (Fischer et al., 2011). With these relationships, we show how the ionic content
and solution composition of the polymer affect the extent to which the solution pH and
conductivity can be controlled with temperature.

Figure 2.1 Schematic of the phase separation of N-isopropylacrylamide based thermallyresponsive polymer electrolytes in aqueous solutions and how ion suppression can lead to
a decrease in conductivity and an increase in pH.
2.2 Experimental Methods
2.2.1

Materials
The following chemicals were purchased from Sigma-Aldrich and Fisher

Scientific and were used as received unless otherwise noted: acrylic acid (AA; 99.5%;
Acros), p-styrenesulfonic acid sodium salt (SSANa+; 80%+; TCI), allylsulfonic acid
sodium salt (ASANa+; 90%+; TCI), azobisisobutyronitrile (AIBN; 98%), hydrochloric
acid (HCl), N,N-dimethylformamide (DMF; Acros), lithium bromide (LiBr;
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99%;

Acros), sodium hydroxide (NaOH). HPLC grade or higher solvents were purchased from
Fisher Scientific and these included hexanes, tetrahydrofuran (THF (anhydrous); Acros),
methanol, and diethyl ether (anhydrous).
N-isopropylacrylamide (NIPAM; 98%; Acros) was purchased from Fisher
Scientific, recrystallized from hexanes three times, and stored under nitrogen at -20 ⁰C
prior to use. N,N-dimethylacrylamide (DMA; 99%; Acros) containing the inhibitor
monomethyl ether hydroquinone (MEHQ) was purchased from Fisher Scientific and was
vacuum distilled to remove both the MEHQ and impurities directly prior to use.
Distilled, deionized (DI) water was purified with a Millipore Milli-Q water
purification system (18 ΩM) equipped with a 0.22 µm Millipax filter. All water-based
samples were stored under nitrogen to avoid ion contamination through the absorption of
CO2 from the atmosphere.

2.2.2

Free radical polymerization
Copolymers were synthesized using a standard free radical polymerization with

prescribed ratios of NIPAM and AA, DMA and AA, NIPAM and SSANa+, or NIPAM
and ASANa+. For copolymers comprised of NIPAM and AA or DMA and AA, selected
monomers, in prescribed ratios, were dissolved in 200 mL of anhydrous THF to which
the radical initiator AIBN was added (as a % of the total moles of monomer). After
degassing and purging under nitrogen for 30 minutes, the reaction mixture was heated in
a temperature controlled oil bath at 60°C for 4 hours while stirring. After cooling to
room temperature, the solvent was removed by rotary evaporation and the polymer was
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dried under vacuum. The recovered solid was dissolved in a minimal amount of DI
water, filtered, and then heated to reflux under heavy stirring. A hot gravity filtration was
performed to collect the precipitated polymer and remove any low molecular weight or
soluble materials. The collected product was dried, dissolved in a minimal amount of
THF, precipitated in ether, filtered, and dried under vacuum.
For copolymers comprised of NIPAM and SSANa+ or NIPAM and ASANa+,
selected monomers, in prescribed ratios, were dissolved in either 200 mL of anhydrous
THF or 200 mL of a 50/50 ratio (v/v) of methanol and water, to which the radical initiator
AIBN was added (as a % of the total moles of monomer). After degassing and purging
under nitrogen for 30 minutes, the reaction mixtures were heated in a temperature
controlled oil bath at 60°C for 4 hours while stirring. After cooling to room temperature,
the solvent was removed by rotary evaporation and the polymer was dried under vacuum.
The polymer was dissolved in a minimal amount of DI water and dialysis was performed
using a 3,500 MWCO cellulose membrane dialysis tubing and DI water. After
continuous changing of the dialysis DI water for 24 hours, the purified polymer solution
within the dialysis tubing was taken to a pH of 1 using concentrated HCl in order to
convert the SSANa+ and ASANa+ to p-styrenesulfonic acid (SSA) and allylsulfonic acid
(ASA). Dialysis was once again performed to remove the evolved sodium chloride and
excess HCl. This procedure was performed several times over the course of 48 hours to
ensure complete protonation of the sulfonic acid groups. The recovered solid was dried
and dissolved in a minimal amount of THF, precipitated in ether, filtered, and dried under
vacuum.
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Figure 2.2 Reactions for the copolymers of (a) NIPAM and AA, (b) DMA and AA, (c)
NIPAM and SSA, and (d) NIPAM and ASA.
Figure 2.2 shows the reactions for the four copolymers prepared in this study:
poly(N-isopropylacrylamide-co-acrylic acid) (pNcA), poly(N,N-dimethylacrylamide-coacrylic acid) (pDMAcA), poly (N-isopropylacrylamide-co-styrenesulfonic acid)
(pNcSSA), and poly(N-isopropylacrylamide-co-allylsulfonic acid) (pNcASA). The
pNcA and pDMAcA polymers were stored under nitrogen at room temperature while the
pNcSSA and pNcASA polymers were stored under nitrogen at -20 °C to avoid side
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reactions or crosslinking of the sulfonic acid groups. Acid content in the copolymers was
varied between 0 and 20%.

2.2.3

Electrolyte preparation and characterization
The molecular weights (MW) of the polymers were determined using gel

permeation chromatography (GPC) on a Hewlett Packard Series 1100 chromatograph
equipped with fluorescence (set to an excitation wavelength of 254 nm and emission of
354 nm) and refractive index detectors. A Waters Styragel HR5E column was used at a
temperature of 42 ⁰C in a mobile phase of DMF with 10 mM LiBr. MWs were reported
as polystyrene equivalent molecular weights. Polymer solutions with concentrations
between 0.1 and 10 % (w/w) were prepared by dissolving the copolymers overnight in
deionized water at temperatures below 10 ⁰C. Acid-base titrations with 0.1 M NaOH
were performed on 1% solutions of the polymer electrolytes at both room temperature
and 50 ⁰C in order to determine the acid content. It was found that temperature and phase
separation of the polymer solution had negligible effect on the determined composition of
the polymer (as shown in Appendix A). pH and conductivity measurements were
performed in solution at room temperature and while heating and cooling the polymer
solutions between 23 ⁰C and 70 ⁰C at a rate of 2.5 ⁰C/min. pH values were determined
using an Orion 3-Star pH Benchtop Meter and Triode 9157BNMD pH/ATC glass
electrode (Thermo Scientific). The pH meter was calibrated using standard IUPAC
buffer solutions of pH 2, 4, 7, and 10 (Fisher). Solution phase conductivity values were
measured using a SympHony Multiparameter Research Meter (VWR SB90M5) without a
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reference temperature correction. The conductivity probe was calibrated using certified,
standardized reference solutions of 9.78, 99.4, 998, and 9967 μS/cm (VWR). The
solution temperature was controlled using an Ecotherm HS50 digital hot plate (Torrey
Pines Scientific) with automatic feedback control.

2.3 Results and discussion
2.3.1

NIPAM-AA based copolymers
Random copolymers of NIPAM and AA were synthesized using a standard free

radical polymerization with varying amounts of monomer and AIBN as the free radical
initiator. Four of the thermally-responsive pNcA polymers were synthesized with
varying AA mole % (designated pN-%A) to elucidate how the copolymer acid
composition affects the electrolyte properties and thermal response. Table 2.1 shows the
reaction conditions, polymer composition, number average molecular weight (Mn),
dispersity (DM = Mw/Mn), pKa, and LCST of the pNcA polymer electrolytes. Average
pKa values of the RPEs, which were affected by the acid content in the copolymer, were
calculated using the polymer acid composition and the pH measured in a 3 wt % solution.
The pKa of the AA vinyl monomer, which is approximately 4.25, was affected by its
copolymerization with the NIPAM monomer and is shown to increase in value as the mol
% of AA in the polymer decreases and the overall structure of the polymer resembles a
pure PNIPAM homopolymer. All four polymers showed lower AA content than in the
feed due to a reaction ratio favoring the addition of NIPAM monomers during chain
propagation. It was found that a 10 fold increase in AIBN % in the feed, in an attempt to
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produce low MW pNcA copolymers, resulted in only a slightly lower MW (data
presented in Appendix B).
Table 2.1 Reaction conditions and characteristics of four pNcA aqueous RPEs
AA (mol %)

AIBN (%)

Mn

DM

pKa

LCST

ºC

Sample

In Feed

In Polymer

In Feed

(g/mol)

pN-3.9A

5

3.9

0.5

28,900

1.67

5.36

30.0

pN-8.1A

10

8.1

1.0

26,000

1.57

5.16

29.6

pN-10.2A

15

10.2

1.5

23,100

1.60

4.96

29.3

pN-16.4A

20

16.4

1.0

31,000

1.72

4.98

28.1

Mn – number average molecular weight, DM – polymer molecular weight dispersity
(Mw/Mn), pKa – polymer acid pKa value, LCST – lower critical solution temperature
To determine how polymer wt % affects the reversibility of the RPEs, five
solutions were prepared with varying amounts of the pN-3.9A polymer. Figure 2.3
shows the samples, ranging from 0.1 to 10 wt % in solution, at room temperature, after
heating, and after cooling back to 23 ⁰C. At room temperature, it can be seen that as the

polymer wt % in the solution increases, mixtures change from clear to yellow and slightly
less transparent, indicating an increase in polymer and total acrylic acid content (which
tends to be yellow in nature).
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Figure 2.3 Solutions with varying wt % pN-3.9A at (a) room temperature, (b) after
heating at 60 ⁰C and holding 30 minutes and (c) after cooling back to room temperature
over 45 minutes.
After an increase in temperature to 60 ⁰C, the polymer phase separates, resulting

in a white, murky suspension. Low wt % solutions are more transparent while higher wt
% solutions are opaque with a high degree of turbidity and aggregation. While all five
samples reveal at least some degree of phase separation, it is clear that the polymer
undergoes increased separation as wt % increases. This highlights the importance of
NIPAM intermolecular and intramolecular interactions as wt % increases but also
demonstrates that above the LCST, PNIPAM materials are no longer miscible with water,
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their solubility limit is low, and any excess polymer in solution precipitates. After
cooling to room temperature over 45 minutes, the lower wt % systems rapidly redissolved while the higher wt % solutions remained in the phase separated state. The
varying extent to which the polymer solutions phase separate at high temperatures and redissolve at lower temperatures signifies the need for balance between high and low
solution wt % to maintain phase separation and reversible re-dissolution on a suitable
timescale. For these aqueous systems, the ability to redissolve within an hour is
necessary to show adequate reversibility (polymer solutions less than 5 wt % redissolve
within 30 minutes upon cooling).
The change in conductivity of the solutions containing 0.1 to 10 wt % pN-3.9A
while heating from 23 ⁰C to 70 ⁰C is shown in Figure 2.4. The primary metric for
controlling electrochemical activity using RPEs is the extent to which the pH and

conductivity can be switched with temperature. As expected, high wt % solutions have
the highest conductivity at room temperature due to a higher concentration of AA groups
in solution. However, these solutions are limited by their high ion content, and therefore
conductivity, even at temperatures above the LCST. These solutions, therefore, will be
applicable to systems that require large changes but not a complete shut-off in
conductivity. While solutions with high wt % exhibit a greater degree of phase
separation and higher ion concentrations, their highly viscous, gel-like properties and
slow re-dissolution when returning to low temperature limits their use in systems
requiring rapid, reversible responses.
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Figure 2.4 Influence of pN-3.9A solution wt % on conductivity at a heating rate of 2.5
⁰C/min from 23 ⁰C to 70 ⁰C. Higher wt % solutions have noticeably higher
conductivities at low temperatures. Above the LCST, high wt % solutions show the
largest change in conductivity with temperature and low wt % solutions show an increase
in conductivity.
Dilute RPE solutions with very low wt % show almost no change in conductivity
with temperature. Figure 2.4 shows that conductivity actually increases slightly, which is
common in weak acid electrolytes. The inability of the mixture to phase separate can be
attributed to the solution wt % being near the solubility limit of the pNcA copolymer with
the visible transition attributed to the small fraction of the copolymer that phase
separates. In general, solutions with low polymer wt % quickly re-dissolve in solution,
but offer fewer ions and only a small extent of conductivity control. Based on these
temperature-dependent conductivity properties for the various polymer wt % solutions, it
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was determined that 3 wt % solutions would be used in the analysis and comparison of
the RPEs with varying AA content. These solutions show moderate room temperature
properties, provide a high ratio in conductivities between low and high temperatures, and
maintain a large magnitude of change and practical timeframe for re-dissolution.

Figure 2.5 Change in pH (left) and conductivity (right) of the four RPEs while heating
from 23 ⁰C to 70 ⁰C at 2.5 ⁰C/min.
The temperature-dependent pH and conductivity of 3 wt % polymer solutions as a
function of AA content were measured while heating from 23 ⁰C to 70 ⁰C. Figure 2.5
shows the polymer solutions exhibit a positive correlation between conductivity and AA
content and a negative correlation for pH at room temperature. Each solution shows a
relatively constant pH and conductivity with increasing temperature until the LCST is
reached (~28-32 ⁰C), where the polymer begins to phase separate. Below this
temperature, polymer bound acidic protons are free to dissociate and provide ions to the
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solution. Between temperatures of 30 ⁰C and 50 ⁰C, the pH and conductivity rapidly
change as the polymer aggregates. In the collapsed polymer state, any bound acid groups
reside in a hydrophobic environment and proton dissociation is limited. As the
temperature increases from 50 ⁰C to 70 ⁰C, the pH and conductivity of each solution
begin to stabilize. While evident that the amount of AA content affects both the pH and
conductivity at low and high temperatures, it should be noted that the increase in ionic
content affects the ratio between the high and low conductivity and pH values in different
ways. While pH is only affected by the proton concentration, conductivity is governed
by the total ion concentration and polymer mobility and high acrylic acid compositions
result in the lowest magnitude of change in pH but the highest magnitude of change in
conductivity.
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Figure 2.6 First derivative of the conductivity vs. temperature of the four RPEs at a
heating rate of 2.5 ⁰C/min. An average of the initial onset of change and minimum in the
first derivative was used to approximate the LCST of each polymer.
The LCST transitions of the polymer electrolytes were identified from the
numerical derivative of the solution conductivity response vs. temperature between 23 ⁰C
and 40 ⁰C as shown in Figure 2.6. An average of the minimum and the onset of the
conductivity change were used to determine the LCST of all four polymer electrolytes.
When the ionic content in the polymer is increased, the LCST decreases from the typical
PNIPAM LCST value of 32 ⁰C. These values may differ slightly from literature as the
LCST of PNIPAM is typically determined from an optical cloud point measurement
(Bokias et al., 2000). A determination of the transition temperature from changes in
conductivity is more appropriate when investigating RPEs as an effective tool for
electrochemical control and aqueous electrochemical energy storage devices. Where
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cloud point measurements determine the temperature at which the polymer phase
separates from solution, the conductivity determined LCST is a measure of the
temperature at which the polymer has already phase separated and begun to alter the
solution properties.
Based on previous reports, it is expected that the addition of hydrophilic groups
would increase the LCST in PNIPAM. However, most literature reports the LCST of
acid-modified PNIPAM copolymers in pH buffered solutions (Chen & Hoffman, 1995).
These systems have a relatively high concentration of ions not attributed to the polymer
itself and the pH is typically held constant between a value of 4 and 7. In our
measurements, the ionic polymer dictates ionic strength and pH and holds the ability to
modify these properties with temperature. The decrease in LCST with increasing acid
content observed in our system can be attributed to two factors. First, the system
operates at a lower pH (< 4) than buffered solutions when the phase transition occurs and
this range is known to decrease the LCST of NIPAM-acid copolymers (Jones, 1999).
Furthermore, the presence of local ions within the PNIPAM chain results in a “salting
out” or water solubility effect (Zhang et al., 2005). This disrupts PNIPAM’s typical
hydrogen bonding at 32 ⁰C as solution phase ions (not associated with the polymer) are
unavailable to screen these ionic interactions. The LCST onset and maximum rate of
change in proton concentration (pH) with temperature show similar trends as those shown
for conductivity for the LCST determination.
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2.3.2

DMA-AA based copolymers
To elucidate whether property changes in the RPEs is due completely to NIPAM,

a copolymer comprised of DMA and AA was investigated. Although similar to NIPAM
and the family of acrylamides that phase separate in aqueous solutions, DMA
homopolymers do not show an LCST (Fischer et al., 2011). A copolymer with 9 mol %
AA, here called pDMA-9A, was polymerized in a similar manner to the NIPAM based
RPEs. The temperature-dependent conductivity of a 0.5, 1.5, and 5.0 wt % solution of
the pDMA-9A was measured while heating from 23 ⁰C to 70 ⁰C. Figure 2.7 shows that
at room temperature, the three solutions exhibit a positive correlation between polymer
wt % and conductivity, similar to the pNcA materials in Figure 2.4.
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Figure 2.7 Change in conductivity for the pDMA-9A copolymer while heating from 23
⁰C to 70 ⁰C at 2.5 ⁰C/min.
For the 0.5 and 1.5 wt % solutions, a slight decrease in conductivity with
increasing temperature is observed as the solution is heated. This decrease starts at room
temperature and continues up to and above the range of temperatures where an LCST was
seen in the pNcA polymers (~28-32 ⁰C). The 5.0 wt % solution, however, shows a
relatively steady conductivity over the entire temperature range. The temperaturedependent pH of the same solutions of pDMA-9A was measured while heating from 23
⁰C to 70 ⁰C. Figure 2.8 shows that at room temperature, the three solutions exhibit a
negative correlation between polymer wt % in solution and pH, however, as the solutions
are heated, an increase in pH is seen up to approximately 45 ⁰C, where it begins to drop.
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Figure 2.8 Change in pH for the pDMA-9A copolymer while heating from 23 ⁰C to 70
⁰C at 2.5 ⁰C/min.
Normal electrolyte solutions comprised of weak acids, such as acetic acid, show
an increase in the ion dissociation constant with temperature, resulting in an increase in
the conductivity with temperature and a decrease in the pH. Here, the pDMAcA
polymer, with 9 mol % of the weak acid AA, fails to follow that same trend. The steady
or slight decrease in conductivity and the initial increase in pH suggest that AA plays a
small role in the decrease in conductivity and increase in pH seen the in the NIPAM
based RPEs and that both the NIPAM and AA show thermal responses in aqueous
solutions.
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2.3.3

NIPAM-SSA and NIPAM-ASA based copolymers
While the pNcA copolymers showed a favorable phase transition and both an

order of magnitude change in pH and conductivity, these materials still rely on the weak
acid AA (pKa ~ 4.25) to provide ions to the solution. In order to increase the room
temperature properties of the RPEs while maintaining the thermally responsive behavior,
the AA monomer was replaced in the polymer electrolyte by the strong acids SSA and
ASA, where the pKa of these vinyl monomers is significantly lower (~ 0.0 – 1.0).
Random copolymers of NIPAM-SSA and NIPAM-ASA were synthesized using
a standard free radical polymerization with AIBN as the free radical initiator and the
sodium salt derivatives of the SSA and ASA monomers: SSANa+ and ASANa+. Each
polymer was polymerized in both a THF reaction media and a 50/50 (v/v)
methanol/water reaction media with the goal of obtaining 10 mol% SSA or ASA
polymers. Post-polymerization treatment of NIPAM-SSANa+ and NIPAM-ASANa+
polymers using the strong acid HCl and continued dialysis were performed to convert the
sodium salts to their protonated acid forms. This procedure was employed in order to
avoid possible crosslinking or side reactions between protonated sulfonic acid groups
during the polymerization reaction. The overall reaction conditions, composition, LCST,
and both the room and high temperature (60 ⁰C) conductivities of the four polymers are
shown in Table 2.2. The composition of the pNcSSA and pNcASA polymers from THF
showed drastic deviations from the desired 10% molar composition, likely due to the low
solubility of the SSANa+ and ASANa+ monomers in THF. The composition of the
pNcSSA polymer from the 50/50 methanol/water reaction media showed the best results
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with a molar content of 7.6%, however, the pNcASA polymer in the same reaction media
showed minimal ASA incorporation, comparable to the similar reaction in THF.
Table 2.2 Reaction conditions, LCST, and conductivity change for four sulfonic acid
based RPEs
Media
Sample

AA (mol %)

LCST

Cond. (23 ⁰C)

Cond. (60 ⁰C)

Decrease

In Polymer

ºC

µS/cm

µS/cm

%

pN-3.7SSA

THF

3.7

28.1

3120

1990

36

pN-7.6SSA

MeOH/H2O

7.6

27.8

5620

4580

19

pN-1.3ASA

THF

1.3

29.2

1650

902

45

pN-1.8ASA

MeOH/H2O

1.8

28.8

2033

1090
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The temperature-dependent conductivity of 3 wt % polymer solutions of the pN3.7SSA and pN-7.6SSA were measured while heating from 23 ⁰C to 60 ⁰C at 2.5 ⁰C/min.
Figure 2.9 shows that the two high sulfonic acid content pNcSSA polymer electrolytes
have a room temperature conductivity of more than an order of magnitude higher than the
pNcA RPEs, due to the lower pKa value and high content of the styrenesulfonic acid
comonomer. A steady decrease in conductivity from 30 ⁰C to 60 ⁰C is observed as the
polymer solutions are heated, with an overall decrease of 36% and 19% in conductivity
for the pN-3.7SSA and pN-7.6SSA polymers. For 3 wt % solutions of the pN-1.3ASA
and pN-1.8ASA, the room temperature conductivity is lower due to a decrease in sulfonic
acid content, however, upon heating, the solution conductivity decreases by ~45% for
both solutions. For all four sulfonic acid based RPEs, the overall conductivity change is
significantly smaller than the NIPAM based RPEs (~80-90% for pNcA). This decrease
in ability to modify the solution conductivity, compared to pNcA, can be attributed to the
difference in the acid group copolymerized with the thermally responsive NIPAM. Both
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SSA and ASA are strong acids, comparable to the molecular sulfonic acids
benzenesulfonic acid and ethanesulfonic acid. Strong acids such as these completely
dissociate in solution whereas acetic acid shows approximately 5% dissociation at normal
temperatures and pressures. Assuming a 99% dissociation for the sulfonic acid RPEs and
5% for the acrylic acid RPEs, a 1 mol % pNcSSA or pNcASA RPE would be the molar
equivalent of a 20 mol % pNcA polymer, assuming all other factors are kept constant.
This drastic increase in ionic content may have a huge effect on the ability of the
thermally responsive sulfonic acid copolymers to phase separate and modulate solution
properties, however, the phase separation seen for the current sulfonic acid based RPEs is
still significant enough to cause changes in the electrochemical activity in aqueous
solutions when used in an electrochemical energy storage application.

Figure 2.9 Change in conductivity for the pNcSSA and pNcASA copolymers while
heating from 23 ⁰C to 60 ⁰C at 2.5 ⁰C/min.
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2.4 Conclusions
In summary, this study has shown how the ionic content and composition in
solution affect the extent to which electrolyte solution properties (e.g. pH and
conductivity) can be changed with temperature using RPEs composed of the thermallyresponsive NIPAM and AA. The ability to manipulate electrolyte properties is strongly
dependent upon the ionic content of the polymer electrolyte: copolymers with high AA
content provide the highest ion conductivity and lowest pH at room temperature;
however, polymers with low AA content provide the greatest change in electrochemical
activity between low and high temperatures. Additionally, it was shown using a
structurally similar copolymer of the non-responsive DMA and AA that changes in
solution properties of the copolymers is affected slightly by the AA comonomer. Finally,
copolymers of the thermally-responsive NIPAM and strong acids SSA and ASA were
shown to possess thermally-responsive properties while providing an order of magnitude
higher conductivity at room temperature. Although these polymers showed a smaller
change in solution properties over a similar temperature range, it was found that lowering
the ionic content in the polymer could provide similar changes to the pNcA copolymers
without sacrificing room temperature properties.
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CHAPTER THREE
ELECTROCHEMICAL PROPERTIES OF RESPONSIVE
AQUEOUS ELECTROLYTES
3.1 Introduction
Many opportunities for stimuli-responsive materials remain unexplored and one
field that may benefit is electrical energy storage (Kelly et al., 2012). In electrochemical
devices, the electrolyte does not directly contribute to key properties, such as energy and
power density; however, its properties can be used to limit these parameters as well as
overall device performance (Lewandowski & Świderska-Mocek, 2009; Xu, 2004; Zhang
et al., 2012). Advanced systems, such as EDLCs, supercapacitors and batteries, are well
suited to address the growing needs in energy generation and storage (Burke, 2007).
These systems demonstrate high-power and energy densities, rapid charge-discharge rates
and load-leveling abilities. The use of hazardous or inherently unstable materials,
however, is detrimental to device stability and thermal safety, which results in low
lifetimes and prevents application in key industries such as large-format energy storage
(Tarascon & Armand, 2001). These issues are currently being addressed using solid-state
electrolytes or polymer gel electrolytes with low conductivity (Bruce, 1995; Manuel,
2005; Wu et al., 1997). Another solution to the safety and instability in energy storage
devices may be found with thermally-responsive polymer electrolytes (RPEs) that
undergo phase separation above their lower critical solution temperature (LCST) (Kelly
et al., 2014).
The concept of RPEs for energy storage will be presented using a polymer
electrolyte that is soluble in solution at low temperatures, thus providing ions for
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electrochemical activity. At elevated temperatures, the ionic species are removed from
solution as the polymer phase separates, thereby eliminating a conductive pathway
between the electrodes. Importantly, the electrolyte properties are restored when the
polymer re-dissolves in solution below the thermal transition temperature. Although the
current system may not be suitable for traditional energy storage devices, it has value as a
model for advanced RPEs that allow high conductivities while maintaining inherently
safe operation. Furthermore, they present new opportunities in designing electronics,
sensors, actuators and switches that operate within a defined temperature window
(Varadan & Varadan, 2000).

Figure 3.1 Schematic of the thermal transition of the NIPAM based RPE at the interface
of a polyaniline electrode below (a) and above (b) the LCST.
In the following work, a thermally-responsive polymer electrolyte is designed to
control the electrochemical performance of a polyaniline (PANI) electrode with
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temperature. A copolymer, pNcA, is prepared using NIPAM, which governs the thermal
properties, and acrylic acid (AA), which provides the electrolyte ions. As the polymer
undergoes a thermally activated phase transition, the local environment around the acid
groups is reversibly switched, decreasing the ion concentration and conductivity of the
solution and increasing the pH. Figure 3.1 shows an illustrative schematic of the thermal
transition of the pNcA RPEs in an electrochemical energy storage device comprised of
PANI and the acidic, aqueous polymer electrolyte. Due to PANI’s inherent dependence
on both solution conductivity and pH (Focke et al., 1987), the overall performance of the
electrochemical device can be reversibly modulated through temperature changes.
As stated previously, this polymer electrolyte represents a model system to
establish design criteria for thermally-responsive electrolytes, which may later be used
for developing systems compatible with EDLCs, supercapacitors, and possibly Li-ion
technologies. These model RPEs provide a novel, reversible approach to thermal safety
and control, and further development of these ideas will lead to tremendous opportunities
in electrical energy storage. Here, we correlate copolymer structure with the magnitude
of change and reversibility in an electrochemical device. With these relationships, we
show how the ionic content of the polymer affects the extent to which the redox activity
of a PANI electrode can be controlled when heating and its reversibility upon cooling.
Table 3.1 gives the properties of the four pNcA RPEs prepared.
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Table 3.1 Polymer characteristics of four pNcA aqueous RPEs
Mn

DM

pKa

LCST

ºC

Sample

(g/mol)

pN-3.9A

28,900

1.67

5.16

30.0

pN-8.1A

26,000

1.57

5.36

29.6

pN-10.2A

23,100

1.60

4.96

29.3

pN-16.4A

31,000

1.72

4.98

28.1

Mn – number average molecular weight, DM – polymer molecular weight dispersity
(Mw/Mn), pKa – polymer acid pKa value, LCST – lower critical solution temperature
3.2 Experimental Methods
3.2.1

Materials
The following chemicals were purchased from Sigma-Aldrich and Fisher

Scientific and were used as received unless otherwise noted: acrylic acid (AA; 99.5%;
Acros), azobisisobutyronitrile (AIBN; 98%), sulfuric acid (96% in water), N,Ndimethylformamide (DMF; Acros), potassium chloride (KCl), lithium bromide (LiBr;
99%; Acros), sodium hydroxide (NaOH). HPLC grade or higher solvents were
purchased from Fisher Scientific and these included hexanes, tetrahydrofuran (THF
(anhydrous); Acros), and diethyl ether (anhydrous).
N-isopropylacrylamide (NIPAM; 98%; Acros) was purchased from Fisher
Scientific, recrystallized from hexanes three times, and stored under nitrogen at -20 ⁰C
prior to use. Aniline (98%; Acros) was purchased from Fisher Scientific and vacuum
distilled directly prior to use.
Distilled, deionized (DI) water was purified with a Millipore Milli-Q water
purification system (18 ΩM) equipped with a 0.22 µm Millipax filter. All water-based
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samples were stored under nitrogen to avoid ion contamination through the absorption of
CO2 from the atmosphere.

3.2.2

Polymer electrolyte preparation and characterization
Copolymers were synthesized using a standard free radical polymerization with

prescribed ratios of NIPAM and AA. Monomers were dissolved in anhydrous THF to
which the radical initiator AIBN was added. After degassing and purging under nitrogen,
the reaction mixture was heated to 60°C for 4 hours while stirring. After cooling, the
polymer was dried under vacuum. The recovered solid was dissolved in DI water,
filtered, heated to reflux and a hot gravity filtration was performed. The collected
product was dried, dissolved in THF, precipitated in ether, filtered, and dried under
vacuum. The four pNcA polymers were stored under nitrogen at room temperature.
Acid content in the copolymers was varied between 0 and 20%.
The molecular weights (MW) of the polymers were determined using gel
permeation chromatography (GPC) on a Hewlett Packard Series 1100 chromatograph
equipped with fluorescence and refractive index detectors. A Waters Styragel HR5E
column was used at a temperature of 42°C in a mobile phase of DMF with 10 mM LiBr.
MWs were reported as polystyrene equivalent molecular weights. Polymer solutions
with concentrations between 0.1 and 10 % (w/w) were prepared by dissolving the
copolymers overnight in DI water at temperatures below 10 ⁰C. Acid-base titrations with
0.1 M NaOH were performed on the polymer electrolytes to determine the acid content.
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pH and conductivity was measured at room temperature and while heating and cooling
the polymer solutions between 23 ⁰C and 70 ⁰C at a rate of 2.5 ⁰C/min.

3.2.3

Electrochemical analysis
Electrochemical analysis was performed on a VersaSTAT 4

potentiostat/galvanostat. Measurements were conducted using a three electrode cell with
a platinum stationary working electrode (area of 2.01 mm2) in combination with a
platinum counter electrode and a Ag/AgCl (saturated KCl) reference electrode. Working
electrodes were treated with 15, 3, and 1 µm diamond polishes (BASI) in decreasing
order of size with a thorough methanol wash before and after each polish. Final
treatment with a 50 nm alumina polish (Fisher), sonication in DI water, and adequate
drying under a nitrogen stream was performed before electrochemical testing. All
counter electrodes and glassware were thoroughly cleaned and pretreated prior to
electrochemical testing. Deposition of polyaniline (PANI) was performed in 0.25M
aniline, 0.5M H2SO4 solutions. Standard PANI-1 films were electrodeposited using
cyclic voltammetry (CV) from 0 to 0.77 V (vs. Ag/AgCl) at a rate of 50 mV/s until the
oxidation peaks at approximately 180 mV reached a peak current of 2.5 mA/cm2.
Thinner PANI-2 films were prepared in a similar manner, but until the peak oxidation
current at approximately 165 mV reached 1.0 mA/cm2. Referenced oxidation peaks at
approximately 200 mV were reconfirmed by CV in a fresh, aniline free 0.5M H2SO4
solution (post deposition) under similar conditions. In both dilute H2SO4 and polymer
electrolyte solutions, CV measurements were performed over a potential range of 0 to 0.7
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V (vs. Ag/AgCl). CV measurements were performed at 23 ⁰C and 50 ⁰C and while
heating and cooling between these temperatures. The percent change in PANI electrode
charge capacity was calculated using the area under the CV curves. For heating cycles,
CV scans at room temperature (initial scans) were compared to cycles that had
equilibrated at 50 ⁰C for 15 minutes after heating from 23 ⁰C to 50 ⁰C at 1 ⁰C/min.
Cooling cycle changes were evaluated by comparing initial CV scans at 50 ⁰C to cycles
that equilibrated at 23 ⁰C for 15 minutes after cooling from 50 ⁰C to 23 ⁰C at 1 ⁰C/min.
Electrochemical impedance spectroscopy was performed on the PANI films in both dilute
H2SO4 and polymer electrolyte solutions over the frequency range of 0.1 Hz to 100 kHz
at an amplitude of 20 mV (peak to peak) at a predetermined redox potential (peak
potential at CV scans of 50 mV/s).

3.3 Results and discussion
3.3.1

Polyaniline electrode characterization
Electrochemical systems require an ion-conductive solution to support oxidation-

reduction processes at electrode/electrolyte interfaces. Previously, we showed that the
solution properties of RPEs can be controlled with temperature when pNcA electrolytes
are employed and that they have the potential to control electrochemical devices through
changes in the ion conducting solution. Figure 3.2 shows the conductivity and pH
properties of the four RPEs as they were heated from 23 ⁰C to 70 ⁰C at 2.5 ⁰C/min.
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Figure 3.2 Change in pH (left) and conductivity (right) of the four RPEs while heating
from 23 ⁰C to 70 ⁰C at 2.5 ⁰C/min.
Here, we demonstrate how varying the ionic content in 3 wt % solutions of the
RPEs influences the electrochemical activity of conducting polymer redox electrodes
comprised of PANI. The oxidation and reduction of PANI relies upon the doping/dedoping of ions in and out of the polymer film in order to compensate any developed
charge during the charge/discharge process (Wallace et al., 2002). The “charged” or
“doped” state of the polymer (highly conducting) depends heavily on proton
concentration in solution, within the film and on the conductivity of the electrolyte
solution (Focke et al., 1987). PANI electrodes are typically characterized in 0.5–1.0 M
(pH ∼ 0) H2SO4 due to its high electrochemical activity in acidic solutions (Rudzinski et
al., 1990). Two types of PANI films were prepared for the following study: a thick film
identified by an oxidation peak of 2.5 mA/cm2 at 180 mV (PANI-1) and a thinner film
with an oxidation peak of roughly 1.0 mA/cm2 at 165 mV (PANI-2). The use of PANI
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films with varying mass (thicknesses) allows for electrochemical testing where diffusion
limitations are pronounced (ions have a difficult time moving in and out of the porous
polymer film: PANI-1 electrodes) and less significant (film thickness is small enough for
ions to move in and out of the film freely: PANI-2 electrodes).
The electrochemical properties of PANI-1 films were initially measured in dilute
H2SO4 (pH values between 3.0 and 4.5) to compare to the 3 wt % solution RPEs with pH
values between ~3.1 – 3.8 at room temperature. During CV scans, a positive potential is
applied at a specific rate (0.0 – 0.7V at 20 mV/s) so that a positive current is measured
upon PANI oxidation (electrons exiting the film and externally through the current
collector), which requires counter-ion diffusion to compensate for the generated charge in
the polymer. A negative current is measured with a decreasing potential (0.7 – 0.0V) as
the oxidized PANI is reduced, electrons re-enter the film, and counter-ions diffuse out to
compensate for the returned charge.

Figure 3.3 Schematic of the oxidation process of PANI electrodes.
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Figure 3.3 demonstrates the oxidation or “charging” process for a PANI film as a
positive potential is applied during CV. During this process, the individual PANI
polymer chains give up electrons to form positive charges that are charge compensated
by negative ions in solution (by means of diffusion into the film) or by positive charges
exiting the film (by means of diffusion out of the film) (Bhadra et al., 2009; Huang et al.,
1986). The process by which charge is compensated to maintain electroneutrality
depends on the availability and mobility of the charge carriers in solution. For small
molecules, such as the H+ and SO4- ions that make up H2SO4, charge is compensated by
the diffusion of the small negatively charged SO4- ion into the film (Sinha et al., 2009).
For larger polymer molecules, such as the pNcA polymer electrolytes, the large
negatively charged polymer is incapable of completely penetrating the porous polymer
film. In order to charge compensate for the oxidation, positive ions embedded in the
PANI electrode matrix will typically diffuse out of the film in order to charge
compensate. When positive ions are not present in the PANI matrix (electrodes were
soaked in DI overnight), only the portion of the film that the polymer electrolyte is
capable of penetrating will be oxidized, creating a barrier to charge transfer and diffusion
(Kar, 2013).
Figure 3.4 shows the current vs. voltage relationship of the PANI-1 electrodes at
23 ⁰C and 50 ⁰C in H2SO4 solutions (pH of 3.0, 3.5, and 4.5). At low pH (≤ 1), several
doping states are accessible in PANI films. With increasing pH (1–4), only a single
doping state, the leucoemeraldine base to emeraldine salt transition, is accessible due to
low proton concentration (Focke et al., 1987). As pH increases in the H2SO4 solutions,
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the conductivity and proton availability decrease, resulting in a decrease in
electrochemical activity (PANI films are unable to the transition to the conductive
emeraldine salt form).

Figure 3.4 CV scans of the thicker PANI-1 electrodes in H2SO4 solutions of pH 3.0, 3.5,
and 4.5 (pH increase shown) at room temperature (left) and at 50 ⁰C (right).
The transition from the leucoemeraldine base to emeraldine salt occurs at high
potentials (peak in current at approximately 0.5V vs. Ag/AgCl) in the low pH solutions,
while disappearing completely in the high pH solutions. Aside from the disappearance in
the transition from the nonconductive form of PANI to the conductive form as the pH is
increased, the ability of the PANI film to store charge is drastically effected, resulting in
a decrease in the area under the CV curve and an overall decrease in electrochemical
activity. A slight increase in electrochemical activity is observed for all three electrolytes
at elevated temperatures due to the mild increase in conductivity of H2SO4 solutions as
temperature increases.
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3.3.2

Change in polyaniline redox activity using RPEs
As a comparison, the current vs. voltage relationship for three of the RPEs (pN-

16.4A, pN-8.1A and pN-3.9A) at 23 ⁰C and 50 ⁰C is shown in Figure 3.5. These polymer
solutions, ranging from a pH of ~3.1–3.8 at room temperature, behave similarly to their
corresponding H2SO4 pH levels but show a notably different CV shape due to the limited
mobility of the polymer electrolyte in solution and within the PANI-1 film. The
oxidation of PANI-1 electrodes in the RPEs displays a positive peak shift in the
leucoemeraldine base to emeraldine salt transition compared to the H2SO4 electrolytes.
This shift in potential, which is a measure of the energy required to initiate oxidation,
indicates that additional energy is required for the doping or oxidation of the PANI-1
films with the RPEs. This is likely due to the difficulty of counter-ion doping from larger
electrolytes compared to the smaller SO4- ions, which are capable of easily penetrating
the PANI film (Kar, 2013).

Figure 3.5 CV of the thicker PANI-1 electrodes in 3 wt % solutions of pN-16.4A, pN8.1A and pN-3.9A (%AA decrease shown) at room temperature (left) and at 50 ⁰C
(right).
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An increase in temperature causes the polymer electrolytes to phase separate from
solution and effectively “shut-off” the redox activity. The decrease in redox activity of
the PANI-1 electrodes with the current polymer electrolytes can be attributed to a
decrease in conductivity during polymer phase separation (protons/ions unavailable for
charge compensation during redox processes) and a pH where the conductive emeraldine
salt cannot exist (~4.2-4.9). Similar CV characteristics can be observed for the films
measured in the dilute H2SO4 at high pH values (Figure 3.4). The electrochemical activity
is reduced due to a decrease in proton concentration, counter-ion availability and the
solution conductivity, which prevents counter-ions from replenishing the surface.
The electrochemical activity was next measured using the thin PANI-2 electrodes,
where diffusion limitations are minimized inside the film, in order to fully elucidate the
impact of the copolymer composition on the redox properties. In the PANI-2 electrodes,
the redox activity was comparable to the thicker electrodes, except a lower charge
capacity was measured due to the decreased film mass. Particularly with large polymer
ionomers that may respond slowly to changes in electrode potential, it is important to use
very thin redox films that are more efficiently doped/de-doped. Under these conditions,
ion and electron diffusion are not limiting factors and the redox activity is governed by
the ion concentration at the electrode interface and the pH. The current vs. voltage
characteristics of three of the RPEs (pN-16.4A, pN-8.1A and pN-3.9A) are shown in
Figure 3.6 at 23 ⁰C and 50 ⁰C. The shape of the CV curves is similar to the PANI-1 films
in H2SO4, indicating an ion-adsorption limited mechanism rather than a diffusion limited
mechanism.
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Figure 3.6 CV of the thinner PANI-2 electrodes in 3 wt % solutions of pN-16.4A, pN8.1A and pN-3.9A (%AA decrease shown) at room temperature (left) and at 50 ⁰C
(right).
As the concentration of AA in the copolymer decreases, the electrochemical
activity of the PANI-2 electrodes and the peak oxidation current also decrease. It is
apparent that the PANI-2 film in the pN-16.4A electrolyte has the highest redox activity
at room temperature with gradually decreasing activity in the pN-8.1A and pN-3.9A
solutions. The decrease in activity can be attributed to the increase in pH and decrease in
conductivity. When the solution temperature is increased to 50 ⁰C, all three polymers
show a significant decrease in electrochemical activity. Two important trends are
noteworthy with decreasing acid content at high and low temperature. The PANI-2
electrodes, in electrolytes with the lowest acid content, exhibit the highest decrease, or
“shut-off”, in electrochemical activity (similar to trends in Chapter 2). This is due to the
hydrophobic state of the polymer (high NIPAM content) at high temperatures resulting in
the lowest proton concentration (Kelly et al., 2014). As the acid content increases (pN3.9A up to pN-16.4A), the ratio between electrode charge capacity at low and high
temperatures decreases; however, high acid content is necessary in the polymer
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electrolytes to increase the low temperature performance. The electrochemical activity is
directly proportional to the acid composition in the polymer electrolyte. Therefore, it is
possible to tailor the copolymer properties and solution weight percent to achieve the
performance necessary at high and low temperatures.
The integrated area under the CV curves gives a representation of the amount of
charge that can be stored within the PANI and can be used to identify the extent to which
the redox activity can be manipulated with temperature. Figure 3.7 shows the numerical
derivative of the charge stored, Q, vs. the proton concentration, [H+], and conductivity
for both the H2SO4 and RPE solutions at 23 ⁰C and 50 ⁰C on PANI-1 films.

Figure 3.7 Derivative of the charge stored vs. the proton concentration (left) and
conductivity (right) for both the H2SO4 and RPE solutions at 23 ⁰C and 50 ⁰C on PANI-1
films.
The H2SO4 electrolyte, at both 23 ⁰C and 50 ⁰C, shows little response (slope
approximately 1) to a change in either [H+] or solution conductivity until very low
values. Similarly, the RPEs, when plotted against their respective [H+] or solution
conductivity at room temperature, show a similar response to small changes due to AA
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content. At high temperatures, however, the RPEs have a much more pronounced effect
on the charge storage ability. These phase separated RPEs have a significantly higher
derivative than their equivalent H2SO4 counterparts, with conductivity having the biggest
impact on charge storage vs. [H+] or solution conductivity (derivative ~8-12 for
conductivity and ~2-3 for [H+]).

Figure 3.8 Change in charge storage, Q, of pN-10.2A while heating between 23 °C and
50 °C (left) and cooling between 50 °C and 23 °C (right). Selected CV scans at 20 mV/s
are shown while heating and cooling at 1°C/min.
The dynamic response of electrochemical activity was investigated by measuring
the CV characteristics of PANI-1 electrodes continually while heating and cooling.
Figure 3.8 shows the characteristic CV properties of the PANI-1 electrodes in the pN10.2A electrolyte while the solution temperature changed between 23 ⁰C and 50 ⁰C. As
the temperature increases, the polymer precipitates from solution resulting in a decrease
in ion concentration; therefore, the redox processes and the charge capacity of the film
decrease. The area under the current-voltage curve at 23 ⁰C in Figure 3.8 (Area 1) is
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much greater than that of the final scan at 50 ⁰C (Area 2), illustrating the drastic change
in charge storage capacity with temperature. The redox activity of the film is restored as
the polymer cools back to room temperature, highlighting the reversibility of thermallyresponsive electrolytes (increase in Area 3 to Area 4 in Figure 3.8).

Figure 3.9 Change in charge storage, Q, for all four RPEs as they are heated from 23 °C
to 50 °C at 1 °C/min. Several CV scan rates are shown for each RPE system during
heating.
Figure 3.9 shows the respective change in charge stored for each polymer
electrolyte on the PANI-1 electrodes through heating (difference in areas of CV at high
and low temperatures). As expected, the charge capacity of the PANI films decreases for
each system upon heating and the extent strongly depends on AA content. Low acid
content polymers yield the highest change between 23 ⁰C and 50 ⁰C with scan rate
having little effect on the total magnitude of change. High acid content polymers,
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however, show a strong scan rate dependence, with polymers having an acid content
above 10% showing less of effect on the change in charge storage between high and low
temperatures, particularly for fast scan rates.

Figure 3.10 Comparison of Nyquist plots, obtained through electrochemical impedance
spectroscopy (EIS), for the pN-16.4A RPE at 23 °C and 70 °C and H2SO4 solutions of pH
3.0 (at 23 °C) and pH 4.5 (at 70 °C).
To gain insight into the mechanism for charge storage shutdown with RPEs,
electrochemical impedance spectroscopy (EIS) was performed on the thinner PANI
electrode with pN-16.4A electrolyte. With a pH of 3.17 at 23 °C and 4.28 at 70 °C, the
pN-16.4A polymer electrolyte was compared to similar electrodes in H2SO4 with pH
values of 3.0 at 23 °C and 4.5 at 70 °C. Figure 6 shows that at low temperature, the
polymer behaves similarly to pH 3.0 H2SO4, little charge transfer resistance (in the midto high-frequency range) is exhibited in either electrolyte. Impedance analysis of the
polymer electrolyte, however, shows an extended diffusional component in the lowfrequency range due to the lower diffusivity of the polymer ionomers. At 70 °C, the
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impedance characteristics in the polymer electrolyte once again compares well to the
corresponding H2SO4 solution (pH 4.5), however, a more pronounced charge transfer
resistance appears in addition to an extended diffusional impedance. Based on these EIS
results, it is likely that the redox processes of films in the polymer electrolyte are
diffusion-limited at both low and high temperatures, with the thermal phase separation
and aggregation of the polymer creating even higher resistances in both the solution
(immobile ionic groups) and within in the PANI film (film is incapable of fully oxidizing
and reducing due to low proton concentration, low conductivity, and an immobile
polymer in solution and within the film).

3.4 Conclusions
In summary, we have demonstrated that a reversible thermally-responsive
polymer electrolyte can be used to achieve thermal safety and thermal control in an
electrical energy storage device. The response is achieved using an electrolyte based on
NIPAM and AA copolymers, which provide ions to the electrolyte at room temperature
and remove the ions during the polymer phase separation above its LCST. Using PANI
electrodes, it was shown that the ionic content and solution properties of the RPEs
correspond to changes in the performance and the overall capacity of the device
decreased by approximately 70-90 % when heating to 50 ⁰C. While the exact aqueous
system studied here is clearly not directly applicable to inherently safe supercapacitors
and lithium ion batteries for large-format energy storage, the work represents a proof of
concept and demonstrates the utility of the approach. The results from this work can be
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directly applied to designing non-aqueous electrolyte systems compatible with lithium
ion batteries to provide an alternative approach to address the hazards associated with
thermal runaway.
The experiments performed to date show tremendous promise for controlling
battery or supercapacitor operation using temperature; however, these results also
demonstrate that the given polymer electrolyte is limited by dilute polymer
concentrations and the weak acid, which results in partial ionization of the ionic groups.
Further development of thermally-responsive polymer electrolytes with greater room
temperature properties, such as those based on sulfonic acid copolymers, will lead to
numerous opportunities associated with thermal safety and “smart” batteries.
Additionally, thermally-responsive polymers applicable to the nonaqueous systems
required for high power, high energy storage systems, such as batteries and
supercapacitors, may benefit from these preliminary results of a model system in aqueous
solutions.
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CHAPTER FOUR
MATERIALS AND SOLUTION PROPERTIES OF RESPONSIVE
IONIC LIQUID ELECTROLYTES
4.1 Introduction
Responsive aqueous electrolytes represent a model system for future
developments in thermally-responsive electrolytes (RPEs) for inherently safe,
electrochemical energy storage. This response was achieved using an electrolyte based
on copolymers of N-isopropylacrylamide (NIPAM) and acrylic acid (AA) that provided
ions to the electrolyte at room temperature and removed the ions during the polymer
phase separation above its lower critical solution temperature (LCST). Although these
polymers showed excellent thermal control of solution (pH and conductivity) and
electrochemical properties (electrochemical activity in PANI redox electrodes), they are
not directly applicable to contemporary electrochemical energy storage devices such as
EDLCs, supercapacitors and batteries. More advanced systems based on NIPAM and
sulfonic acids, such as p-styrenesulfonic acid and allylsulfonic acid, were developed with
the hope of creating electrolytes that maintained their inherent thermal response while
providing better room temperature properties. Although these systems show a drastic
improvement in solution properties (specifically conductivity), they too are not directly
applicable to the advanced energy storage systems, such as high energy, high power
supercapacitors and Li-ion batteries (LIBs), that are needed for large-format energy
storage. For this reason, systems outside of aqueous electrolytes need to be considered
with the hopes of creating a thermally-activated safety mechanism in batteries and
supercapacitors.

In recent years, room temperature ionic liquids (ILs) have seen increasing interest
as potential electrolytes for electromechanical (Ding et al., 2003), electrochromic (Lu et
al., 2002), and dye-sensitized solar cell devices (Kuang et al., 2008). ILs have also
shown promise as electrolyte solvents in future energy storage technologies (Garcia et al.,
2004; Kim et al., 2012; Seki et al., 2007) due to their compatibility with various electrode
materials and favorable characteristics (negligible volatility, non-flammability, high ionic
conductivity, and stability over a wide electrochemical potential range) (Armand et al.,
2009; Goodenough & Kim, 2009; Welton, 1999). With an increasing demand for
improved energy storage systems in portable electronics, transportation and renewable
energy generation, research efforts are moving toward developing high power and high
energy battery and supercapacitor systems. LIBs show great promise for efficient
devices with high power and energy densities. The safety hazards associated with these
systems, however, have prevented widespread adaptation and as the need for large-format
batteries increases, so does the potential for catastrophic thermal failure (Kim et al.,
2007).
Common LIB safety issues, such as Li-plating (dendrite formation) and
exothermic reactions at the electrode surface, are often associated with conventional
electrolytes and eventually lead to short circuits, local overheating, and thermal runaway
(Balakrishnan et al., 2006). Untreated, these issues can result in fires and explosions due
to electrolyte volatility and flammability (Roth & Orendorff, 2012). Efforts to mitigate
these issues in commercially available LIBs involve the implementation of solid-state
polymer electrolytes (Manuel Stephan, 2006; Meyer, 1998), where low ionic conductivity
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limits battery performance (particularly the power density), and advanced tri-layer
separator materials (Arora & Zhang, 2004; Orendorff, 2012), where thermal decay occurs
at high temperatures rendering the batteries useless. While innovative and continuing to
improve (Huang, 2011), the limitations of these provisional methods will likely not meet
the needs for efficient, large-format systems.
Unlike conventional methods that require selection between low-performance
devices and destructive safety measures, continuing advances in energy storage will
require creative approaches in engineering and material design to mitigate safety issues.
One area of interest is the development of functional LIB electrolytes, particularly doped
polymer electrolytes. Poly(ethylene oxide) (PEO), poly(acrylonitrile) (PAN),
poly(styrenesulfonates)(PSS) and their derivatives have long been combined with lithium
salts to create polymer electrolytes, which provide a safe, low conductivity alternative to
traditional alkyl carbonates and lithium salt mixtures. The performance of these polymer
electrolytes, particularly the ion and lithium conductivities, has been shown to increase
with the addition of traditional molecular solvents such acetonitrile and alkyl carbonates;
however, these changes reintroduce many of the safety hazards associated with traditional
electrolyte materials (electrode/electrolyte reactions, volatility, and flammability).
Devices utilizing IL-doped polymers have shown great promise for electrolytes in LIBs
without sacrificing on the safety advances that solid polymer electrolytes provide (Ye et
al., 2013). These systems benefit from the advantageous solvent properties of ILs, which
help to increase the polymer mobility, and therefore, conductivity of Li-ions in the
polymer/IL mixtures (Shin et al., 2003). Even in small compositions, ILs are capable of
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increasing the conductivity of traditional polymer electrolytes by several orders of
magnitude, a necessity for future high power energy storage devices (Kumar et al., 2011).
Already established in literature as a potential candidate for LIB electrolytes,
mixtures of PEO and ILs have also been shown to behave as a “smart material” due to a
LCST liquid-liquid transition, which causes the mixture to phase separate above a given
temperature (Lee & Lodge, 2010; Lee et al., 2012; White & Lipson, 2013). Smart
materials are defined here as material systems with a macroscopic property that can be
manipulated in a specific, reliable, and predictable manner when exposed to an external
stimulus or environmental change (Liu & Urban, 2010; Stuart et al., 2010). Polymers
are particularly attractive for responsive systems as their molecular properties can be
tailored to add functionality or change the extent to which a desired macroscopic property
can be altered (Mather, 2007). Due to their demonstrated application in batteries, certain
smart materials, such as mixtures of PEO in an IL (1-ethyl-3-methylimidazolium
tetrafluoroborate [EMIM][BF4]), offer a potential solution to overcome the thermal
hazards associated with LIBs while simultaneously avoiding the use of low performance
systems or destructive safety measures. In addition to conventional PEO polymer
electrolytes doped with ILs, the reversed formulation, a polymer-doped IL, can be used as
a thermal control mechanism in LIBs. Recently, certain poly(methacrylate) derivatives,
such as poly(benzyl methacrylate) (PBzMA), have been shown to possess solid-liquid
LCST type phase behavior in an IL (1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide [EMIM][TFSI]). Similar to the PEO/IL system, these
solutions show promise as electrolytes that provide high ionic conductivities (due to the
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favorable properties of the IL) with a built-in safety mechanism capable of addressing
thermal hazards at high temperatures.
In this work, we describe the use of IL-polymer electrolytes as responsive
materials that provide thermal and chemical stability at normal operating temperatures
and inhibit conductivity, charge transfer, and diffusion of electrochemically active
species at elevated temperatures (where battery separators traditionally melt between 135
⁰C and 170 ⁰C and ultimately short and destroy the device). These temperatures also
correspond to the levels where traditional battery electrolytes begin ignite and cause fire
and explosions (Orendorff, 2012). The responsive polymer electrolytes (RPEs) exhibit
an inherent temperature based control mechanism that arises from a change in electrolyte
properties as well as the composition at the electrode/electrolyte interface. These
functional materials may permit the incorporation of highly conductive electrolyte
systems in the LIBs needed for large-format energy storage systems.
Here, we show how the conductivity of PEO/IL mixtures (through a liquid-liquid
separation) changes with temperature and how lithium salt concentration affects the
thermal response and the thermal transition temperature in both the PEO/IL and
PBzMA/IL polymer electrolytes. With this data, we can then formulate electrolytes for
battery systems that self-limit their behavior through changes in solution properties at
temperatures where thermal runaway occurs.

86

4.2 Experimental Methods
4.2.1

Materials
The following chemicals were purchased from Sigma-Aldrich and Fisher

Scientific and were used as received unless otherwise noted: poly(ethylene oxide) (PEO,
Mw 1,500, Fluka), poly(ethylene oxide)(PEO; Mw 20,000; Polysciences), poly(benzyl
methacrylate)(PBzMA; Mw 100,000), sodium chloride (NaCl), tetrahydrofuran (THF
(anhydrous)).
The ionic liquids, 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4];
98%+) and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([EMIM][TFSI]; 98%+) were purchased from Ionic Liquid Technologies (IoLiTec) and
were stored under nitrogen atmosphere in a low humidity desiccator prior to use. The
lithium salts, lithium tetrafluoroborate (LiBF4 (anhydrous); Acros) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI; 99%; Acros), were dried under vacuum at
140 ⁰C for 24 hours and stored under a nitrogen atmosphere prior to use.

4.2.2

Electrolyte preparation
Ionic liquid (IL) based polymer electrolytes were prepared by mixing ILs with

polymers that have been shown to possess LCST phase behavior. Two thermallyresponsive polymer electrolytes were used in this study: PEO in [EMIM][BF4] with the
lithium salt LiBF4 and PBzMA in [EMIM][TFSI] with the lithium salt LiTFSI.
Two variations of the PEO based polymer electrolyte were prepared: a 1,500 Mw
PEO, [EMIM][BF4] and LiBF4 mixture and a 20,000 Mw PEO, [EMIM][BF4], and LiBF4
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mixture. In prescribed ratios, PEO, [EMIM][BF4], and LiBF4 were mixed and purged
under nitrogen for 30 minutes. The solutions were then heated to 90 ⁰C and stirred
vigorously for 60 minutes to melt the PEO and create a homogenous solution. Solutions
were dried under vacuum (50 mTorr) at 90 ⁰C and vigorously stirred for a minimum of
12 hours to fully dissolve the LiBF4 in the PEO/[EMIM][BF4] and remove traces of water
and oxygen. The solutions were immediately transferred and sealed in electrochemical
cells (for electrochemical testing) or a high temperature spectroscopic test cell (for cloud
point measurements).
PBzMA based polymer electrolytes were prepared by the co-solvent evaporation
method. PBzMA and LiTFSI were dissolved in anhydrous THF and sealed from the
atmosphere under nitrogen (2 g/mL for PBzMA, 1M for LiTFSI). In prescribed volumes,
the PBzMA and LiTFSI solutions were mixed with [EMIM][TFSI] and stirred under
nitrogen for 30 minutes. The solutions were heated to 80 ⁰C under nitrogen for 2 hours to
remove the THF, then dried under vacuum (50 mTorr) at 80 ⁰C and vigorously stirred for
a minimum of 12 hours to fully dissolve the LiTFSI and PBzMA in [EMIM][BF4] and
remove any remaining THF and traces of water and oxygen. The solutions were
immediately transferred and sealed in electrochemical cells (for electrochemical testing)
or a high temperature spectroscopic test cell (for cloud point measurements).

4.2.3

Cloud point measurements
The cloud points of the PEO/[EMIM][BF4]/LiBF4 electrolytes and

PBzMA/[EMIM][TFSI]/LiTFSI electrolytes were determined using optical transmittance.
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Electrolyte solutions were mixed and dried according to previous section, then purged
with nitrogen prior to transmission measurements. Temperature-controlled cells with
sapphire windows were placed in a UV-Vis spectrophotometer (Varian Cary 50 Bio) and
heated at a rate of 2 °C/min while continually recording UV-Vis scans. An average
transmittance was calculated over a range of wavelengths (600-800 nm). The cloud point
or LCST was defined as the temperature at which the transmittance dropped below 80%
of its initial value.

4.2.4

Conductivity measurements

Figure 4.1 Split test coin cell used for electrochemical measurements at low and high
temperatures.
Electrochemical measurements were performed with a Gamry REF600
galvanostat/potentiostat in a modified, temperature controlled convection oven using the
316 stainless steel split test coin cell (MTI) shown in Figure 4.1. A 2-electrode setup was
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employed where solutions were heated at approximately 2 ⁰C/min and allowed to
equilibrate at set temperatures for 30 minutes prior to electrochemical measurements.
Bulk conductivity measurements were conducted over a temperature range of 70
to 180 ⁰C on the polymer electrolytes between stainless steel electrodes separated by a
1mm thick poly(ether ether ketone) (PEEK) spacer with an internal diameter of 12 mm
(Figure 4.2).

Figure 4.2 Schematic of split test coin cell conductivity measurements using stainless
steel electrodes separated by the polymer electrolyte and a PEEK spacer.
Electrochemical impedance spectroscopy (EIS) was performed over a frequency
range of 1 Hz to 1 MHz at a potential of 0.0V (amplitude of 20 mV). Ionic conductivity
was determined from the corresponding high frequency resistive component of the
impedance spectrum and calculated using a cell constant calibrated from a standardized
1M NaCl solution at 25 ⁰C (1M NaCl, 85 mS/cm). Measurements were performed in
increments of 10-20 ⁰C.
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4.3 Results and discussion
4.3.1

PEO/IL based responsive polymer electrolytes
Based on previous studies of the temperature dependent phase behavior of

PEO/[EMIM][BF4] mixtures (Lee & Lodge, 2010; Li & Wu, 2013; Tsuda et al., 2008;
White & Lipson, 2013), we initially studied PEO polymers with two distinct MWs (1.5K
and 20K) and two PEO/IL weight compositions (80/20, 50/50). These polymers will be
referred to here as PEO/IL (80/20), L-PEO/IL (80/20), PEO/IL (50/50) and L-PEO/IL
(50/50), where composition is designated and the low MW (1.5K) PEO mixtures are
labeled L-PEO/IL. As demonstrated in Figure 4.3, when the PEO/IL mixtures were
heated above their LCST, they phase separated (liquid-liquid) into a low conductivity
PEO-rich phase and a high conductivity IL-rich phase.
X`x`
Figure 4.3 Liquid-liquid phase separation of a PEO and [EMIM][BF4] solution as it was
heated through its LCST and both time and temperature continued to increase.
Below the LCST temperature, the mixture displayed a high conductivity due to
the low ionic resistivity of the IL and a favorable PEO/IL conductive pathway. Above
the LCST of the solution, a liquid-liquid phase separation occurred in the PEO/IL mixture
due to changes in the Gibbs free energy (Lee et al., 2012), consistent with traditional
thermally-responsive polymers. This separation resulted in a cloudy, opaque solution
similar to the solid-liquid phase transition observed in aqueous poly(Nisopropylacrylamide) systems (Schild, 1992), however, at these high temperatures, the
PEO was in its liquid form resulting in a liquid-liquid phase transition. Driven by density
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differences between the two materials (~1.3 for [EMIM][BF4] and ~1.0 for PEO), the two
liquids gradually separated into a biphasic mixture with time or a further increase in
temperature. Due to the high resistivity of PEO in the IL deficient top phase, a drastic
decrease in conductivity across the biphasic mixture occurred. The phase separation
temperature and the change in solution properties of these RPEs were measured using
optical transmittance and electrochemical impedance spectroscopy (EIS).

Figure 4.4 Optical transmittance measurements for the PEO/IL (80/20) and the PEO/IL
(50/50) electrolytes while heating at 2 ⁰C/min.
Cloud point (CP) measurements were performed in a nitrogen purged cell
equipped with a temperature control element in a UV-Vis spectrophotometer to
determine the effect of the PEO, IL, and salt concentration on the phase behavior of the
PEO RPE systems. A transmittance of 100% indicated a well-mixed, single phase
solution with a decrease in the transmittance (below 80%) indicating a thermal phase
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separation between the PEO and IL. Figure 4.4 shows the optical transmission behavior
through the PEO/IL (80/20) and PEO/IL (50/50) RPEs at a heating rate of 2 ⁰C/min.
Here we use slightly higher heating rates compared to conventional CP
measurements, which look for thermodynamically equilibrated LCST values, to represent
heating rates that may occur in energy storage devices. All RPE mixtures were well
mixed, single phase solutions below 100 ⁰C. While both solutions containing the 20K
MW PEO exhibited phase transitions (118 ⁰C and 123 ⁰C for the PEO/IL (80/20) and
PEO/IL (50/50), respectively), a change in optical transmission was not observed in the
1.5K MW PEO mixtures within our setup, even for temperatures up to 190 ⁰C. These
mixtures, however, showed a visual cloud point (188 ⁰C and 174 ⁰C for L-PEO/IL
(80/20) and L-PEO/IL (50/50), respectively), which is likely higher than the onset of
phase separation. CP measurements for the PEO/IL (80/20) and PEO/IL (50/50) were
comparable to differential scanning calorimetry (DSC) measurements obtained by Li et
al. (2013) for mixtures of a similar MW PEO using heating rates up to 20 ⁰C/min (where
an LCST of 126 ⁰C was found for their PEO/IL (50/50)). DSC measurements also
indicated that employing heating rates between 10 and 40 ⁰C/min raised the measured
LCST by only 6.5 ⁰C. Our observed values were also similar to CP measurements
obtained by Lodge et al. (2010) using optical transmittance (CP was measured between
120-130 ⁰C), where a heating rate of 1 ⁰C/min was employed. The visual transitions
observed for the L-PEO/IL (80/20) and L-PEO (50/50) solutions were higher than a
similar MW PEO (2K) obtained by Lodge et al.; however, an increase in the CP can be
expected as PEO MW decreases.
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The addition of lithium tetrafluoroborate (LiBF4) to the PEO/IL (80/20) and
PEO/IL (50/50) mixtures caused an increase in the LCST, which is widely referred to as a
salting in effect in aqueous systems. Figure 4.5 shows that the addition of LiBF4 in Li:O
ratios (# of Li+ relative to O in PEO) of 1:256, 1:128, and 1:64 to the PEO/IL (80/20)
mixtures results in an increase in the CP from 118 ⁰C (no salt) to 125 ⁰C, 141 ⁰C, and 173
⁰C, respectively. At high concentrations (Li:O ratios of 1:16 and above), the CP (or
LCST) of the PEO/IL (80/20) disappeared. The temperature range was purposely
maintained below 200 ⁰C, where PEO degradation occurs.
Figure 4.5 also shows that the addition of the salt has a less pronounced effect on
the LCST in the PEO/IL (50/50). The addition of LiBF4 increased the CP from 123 ⁰C
(no salt) to 127 ⁰C, 129 ⁰C, and 140 ⁰C for the 1:256, 1:128, and 1:64 Li:O ratios. The
smaller effect of salt concentration observed in the PEO/IL (50/50) is attributed to the
overall lower molarity of Li+ within these solutions, due to a lower composition of PEO
(and therefore O groups) relative to the 80/20 mixture. Similar to PEO/IL (80/20), high
salt concentration mixtures (ratios of 1:16 and above) did not display LCST behavior.
Cloud point measurements for the L-PEO/IL mixtures with the lithium salt were
not measured due to the high LCST temperatures already observed for the L-PEO/IL
(80/20) and L-PEO/IL (50/50) and the degradation point of PEO being approximately
190 ⁰C - 200 ⁰C. These results indicate a strong correlation between phase separation
temperature and the composition of each component, but more importantly, that the
LCST can be tailored to achieve a target transition temperature. It should be noted that
the liquid-liquid phase separation between PEO and IL with increased temperature is a
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reversible process and as the temperature decreases, the mixture returns to its initial
single phase system.

Figure 4.5 Optical transmittance measurements for the PEO/IL (80/20) and the PEO/IL
(50/50) electrolytes with the addition of the lithium salt LiBF4 while heating at 2 ⁰C/min.
Electrochemical impedance spectroscopy (EIS) measurements were performed in
a test cell with stainless steel electrodes and a poly(ether ether ketone) (PEEK) spacer to
determine how temperature, phase separation and the addition of lithium salt affect the
PEO/IL conductivity. Ionic conductivity was determined from the corresponding high
frequency resistive component of the impedance spectrum using a cell constant calibrated
from a 1M NaCl solution at 25 ⁰C. Figure 4.6 shows the measured conductivity of the
salt free RPE systems as a function of temperature, composition, and PEO MW.
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Figure 4.6 Conductivity vs. temperature of the PEO based RPEs without lithium salt.
The 1.5K PEO/IL system does not show a change in conductivity while the 20K PEO/IL
system shows a drastic change above the LCST.
For both the PEO/IL (80/20) and PEO/IL (50/50) systems, the conductivity rises
slowly with temperature, similar to traditional aqueous and nonaqueous electrolytes.
Above the LCST, a liquid-liquid phase separation occurs, resulting in PEO aggregation
and a decrease in conductivity. As the temperature is further increased, nearly an order
of magnitude reduction in conductivity is observed as the electrolyte segregates into the
biphasic mixture (PEO-rich top, IL-rich bottom). Unlike the high MW mixtures, the LPEO/IL (80/20) and L-PEO/IL (50/50) systems exhibited an increase in conductivity over
the entire range of temperatures, similar to conventional electrolytes. For reference,
conductivity measurements on the pure IL were conducted, showing the expected trend
for normal electrolytes. These observations suggest that the very low molecular weight
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polymer mixtures do not efficiently phase separate, even though visual changes are
observed with the mixtures. Low MW polymer does not aggregate to the same extent as
their high MW counterpart, therefore, the phase separated polymer domains fail to
coalesce into the biphasic mixture, which is necessary to inhibit conductivity with the
mixture.

Figure 4.7 Conductivity vs. temperature of the PEO/IL (80/20) electrolyte with the
addition of LiBF4. Pure PEO and IL electrolytes with a lithium salt concentration of
1:126 are shown for reference.
The effect of adding LiBF4 to the PEO/IL (80/20) solutions is shown in Figure 3b
for Li:O ratios of 1:256, 1:128, 1:64, and 1:16. As the salt concentration is increased, the
temperature at which the conductivity begins to decrease also increases, consistent with
the CP measurements described above. At high concentrations (Li:O ratios of 1:16 and
above), no change in conductivity was observed, as these compositions did not exhibit an
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LCST phase transition. Figure 3c shows that increasing the LiBF4 concentration in
PEO/IL (50/50) solutions resulted in an increase in the temperature at which conductivity
changed. The shift in temperature is much less in PEO/IL (50/50) compared to PEO/IL
(80/20), which is consistent with the CP measurements above and attributed to lower Li+
concentrations. Unlike traditional PEO-LiBF4 and IL-LIBF4 electrolytes, these RPE
systems show an abrupt decrease in conductivity near their LCST, except for high Li+
concentrations. As seen with CP measurements, lithium salt concentration (along with
composition and MW) can be used to tailor the temperature at which the phase transition
occurs and causes ion-transport to become inhibited.

Figure 4.8 Conductivity vs. temperature of the PEO/IL (50/20) electrolyte with the
addition of LiBF4. Pure PEO and IL electrolytes with a lithium salt concentration of
1:126 are shown for reference.
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Figure 4.8 shows that increasing the LiBF4 concentration in PEO/IL (50/50)
solutions also resulted in an increase in the temperature at which conductivity changed.
The shift in temperature is much less in the PEO/IL (50/50) electrolytes compared to
PEO/IL (80/20), which is consistent with the CP measurements above and attributed to
lower Li+ molarities. Once again, as solutions of PEO/IL (50/50) are initially heated,
they show conductivities approximately half way between PEO and IL solutions. After
phase separation, the conductivities of the 1:256, 1:128, and 1:64 Li:O RPEs trend toward
the same value, indicating the possibility of a lower limit in the conductivity for these
mixtures. Unlike traditional PEO-LiBF4 and IL-LIBF4 electrolytes, these RPE systems
show an abrupt decrease in conductivity near their LCST, except for high Li+
concentrations. As seen with CP experiments, the addition of the lithium salt can be used
to control the point at which the LCST occurs (along with composition and MW) which
in turn affects the temperature at which conductivity deactivates.

4.3.2

PBzMA/IL based responsive polymer electrolytes
Previously, we demonstrated that the phase transition of a responsive polymer

electrolyte comprising poly(ethylene oxide) (PEO) in an IL leads to a reduction in
conductivity. While state-of-the-art safety mechanisms render LIBs inoperable (e.g.
melting separators), utilization of responsive electrolytes that reversibly increase internal
resistances in addition to solution resistance may provide a better opportunity to mitigate
thermal failure efficiently while extending LIB lifetime and operating conditions. Lodge
et al. recently studied the use of thermally-responsive polymers in ILs, where they
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utilized the phase separation at high temperatures to process highly conductive ion gels
with block copolymers (He & Lodge, 2008; Kitazawa et al., 2014; Kitazawa et al., 2012).
Of particular interest in their studies was the use of poly(aryl methacrylates), such as
poly(benzyl methacrylate) (PBzMA), that exhibit LCST transitions in imidazolium based
ionic liquids (Ueki & Watanabe, 2007). This solid-liquid phase transition occurs in the
temperature range where thermal failure initiates and most safety mechanisms, such as
melting trilayer separators, are triggered in energy storage devices (Orendorff, 2012).
Previous work has shown that the thermally activated phase transition of 3 wt %
solutions of PBzMA in [EMIM][TFSI] occurs around 105 ⁰C (Ueki & Watanabe, 2007).
We previously found that Li-ion concentration has a significant effect on the transition
temperature of PEO/IL systems, shifting the LCST to higher temperatures as the Li-ion
concentration increases up to ~1M. Here, we describe how an RPE comprised of
PBzMA and LiTFSI in 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
[EMIM][TFSI], phase separates as function of polymer solution composition and salt
concentration. As opposed to the PEO/IL system, where the polymer is capable of
coordinating and transporting Li ions in solution and at the electrode surface above and
below the LCST, PBzMA acts as an electronic and ionic insulator. Although it does not
show the ability to affect changes in conductivity, it may increase internal resistances in
the cell well above the PEO/IL systems and may be a more suitable candidate for
controlling thermal runaway in electrochemical devices.
Fig. 4.9 shows the CP measurements for 5 wt % solutions of PBzMA in
[EMIM][TFSI] as the LiTFSI concentration was increased from 0 to 1.0M. The abrupt
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decrease in the optical transmittance indicates the temperature at which polymer phase
separation occurred (here, LCST is defined at 80% transmittance). Without the lithium
salt present, the PBzMA/IL mixture displayed a CP of 97 ⁰C, which is slightly lower than
values reported by Ueka and Watanabe (2007) and is likely due to the difference in MW
(here a 100K MW PBzMA was used in place of a 70K MW PBzMA) and the increase in
solution wt % from 3 to 5.

Figure 4.9 Optical transmittance measurements for a 5 wt% solution of PBzMA in
[EMIM][TFSI] with varying amounts of LiTFSI. Solutions were heated at 2 ⁰C/min.
Increasing LiTFSI concentration in the PBzMA/IL electrolyte led to an increase
in LCST from 106 ⁰C to 118 ⁰C, 129 ⁰C, and 135 ⁰C for the 0.2M, 0.5M, 0.8M, and 1.0
M solutions, respectively. As with our previously studied PEO/IL system, the LCST of
these electrolytes is strongly affected by the salt concentration. This “salting in” effect
inhibits the polymer from phase separating and increases its solubility limit, thus
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increasing the temperature at which the phase transition occurs. Figure 4.10 shows the
effect of salt concentration on the CP (or LCST) for the 5 wt % solutions of PBzMA. As
a result of this effect, it is important to balance battery performance, which increases with
salt concentration, and the electrolyte phase-transition temperature (typically Li-ion
batteries operate in a 1M lithium salt solution).

Figure 4.10 LCST values for 5 wt % PBzMA in [EMIM][TFSI] electrolytes determined
by optical transmittance as a function of the LiTFSI concentration.
The effect of PBzMA wt % was tested in 1M LiTFSI solutions to determine if
amount of polymer in solution had an effect on the LCST and both the phase separation
and aggregation. Figure 4.11 shows that increasing the PBzMA concentration in the RPE
had a minimal effect on the LCST, with an increase from only 135 ⁰C to 139 ⁰C when
decreasing the polymer content from 5% to 1% in 1M LiTFSI solutions.
While the PEO/IL was shown to affect the conductivity of the electrolyte solution,
this property was not observed in the PBzMA electrolytes. The solid-liquid phase
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separation, however, is expected to have a much greater effect on the ability of an energy
storage device to operate and will be discussed in Chapter 5.

Figure 4.11 Optical transmittance measurements for 1M LiTFSI solutions in
[EMIM][TFSI] with varying amounts of PBzMA. Solutions were heated at 2 ⁰C/min.
4.4 Conclusions
In summary, it was shown that the LCST phase transition can be used to modulate
the ionic conductivity in PEO/IL RPEs, which can be used to control the operation of
energy storage devices. Using electrolytes comprised of an ionic liquid, [EMIM][BF4],
PEO, and LiBF4, the solution conductivity can be designed to decrease when the
temperature of the system increases beyond the LCST of the mixture. Furthermore, we
demonstrated how the composition of the PEO and IL solution, in addition to the
concentration of Li+ salt, can affect the temperature at which the transition occurs and the
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extent to which the conductivity can be decreased. The electrolyte design provides a
novel approach to mitigating thermal hazards associated with batteries and
electrochemical device overheating, and further development of similar responsive
electrolytes will inevitability have a tremendous impact on Li-ion batteries.
Additionally, it was shown how the LCST of another RPE system, comprised of
the ionic liquid, [EMIM][TFSI], PBzMA, and LiTFSI, was affected by the concentration
of lithium salt in solution. Upon the addition of LiTFSI to 5 wt % solutions of PBzMA in
[EMIM][TFSI] (from 0 to 1M), the LCST of the electrolyte solution increased from 97
⁰C to 135 ⁰C. It was also shown that the polymer concentration, when increased from 1%
to 5% in a 1M LiTFSI solution, had little effect on the phase transition temperature. Both
the PEO/IL and PBzMA/IL systems show great adaptability and functionality as RPEs,
due to tailorability in the LCST based on salt concentration and polymer/IL composition.
While the PEO/IL was shown to affect the conductivity of the electrolyte solutions, this
property was not seen in PBzMA/IL electrolytes.
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CHAPTER FIVE
ELECTROCHEMICAL PROPERTIES OF RESPONSIVE
IONIC LIQUID ELECTROLYTES
5.1 Introduction
Room temperature ionic liquids (ILs) have recently received consideration as
electrolyte media for EDLCs, supercapacitors, and batteries (Armand et al., 2009). Due
to their unique physiochemical properties (negligible volatility, thermal stability, and
high ionic conductivity) and a drive for safer forms of energy storage, ILs have attracted
interest as alternatives to conventional electrolytes. Recent advances in IL electrolytes
(Lewandowski & Świderska-Mocek, 2009), IL-doped polymer electrolytes (Ye et al.,
2013) and ion gels (Kitazawa et al., 2014; Noor et al., 2013; Schulze et al., 2013) have
led to systems that avoid leakage and flammability while maintaining high conductivities,
thermal stability, and a degree of functionality. Previously, we demonstrated that the
thermally-induced phase transition of a responsive polymer electrolyte (RPE) comprising
poly(ethylene oxide) (PEO) in an IL leads to a reduction in conductivity. It was also
shown that IL electrolytes doped with small amounts of poly(benzyl methacrylate)
(PBzMA) showed thermally-responsive characteristics, with both systems showing a
lower critical solution temperature (LCST) transition that depended on solution
composition and lithium salt content.
Use of RPEs that reversibly increase internal resistances may provide an opportunity
to mitigate thermal failure while extending device lifetime and operating conditions. In
this work, we describe how PEO and PBzMA based RPEs inhibit supercapacitor and LIB
operation at elevated temperatures.
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5.2 Experimental Methods
5.2.1

Materials
The following chemicals were purchased from Sigma-Aldrich and Fisher

Scientific and were used as received unless otherwise noted: poly(ethylene oxide) (PEO;
Mw 1,500; Fluka), poly(ethylene oxide) (PEO; Mw 20,000; Polysciences), poly(benzyl
methacrylate) (PBzMA; Mw 100,000), poly(vinylidene fluoride) (PVDF; Mw 540,000),
N-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF (anhydrous); Acros).
Supercapacitor and lithium-ion battery electrode materials were purchased from
MTI Corporation and Sigma-Aldrich and were used as received unless otherwise noted:
activated carbon (AC, surface area ~2000 m2/g, average pore diameter 2.1 nm),
mesoporous carbon (MC, surface area ~50-100 m2/g, average pore diameter 13.7 nm),
lithium titanate, Li4Ti5O12 (LTO), carboxymethylcellulose (CMC), conductive graphite
(CG). LTO, AC, MC, and CG were dried under vacuum at 140 ⁰C for 12 hours prior to
use. Lithium Iron Phosphate, LiFePO4 (LFP) electrodes were purchased pre-made with
the following characteristics: 91% LFP, 100 µm film on 15 µm aluminum foil, 12
mg/cm2. Copper substrates were purchased from Battery Consulting (9 µm) and stainless
steel mesh (316, 60 gauge) was purchased from McMaster-Carr. Battery separators were
provided by Dreamweaver International (Gold 40 µm; Greer, SC).
The ionic liquids, 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4],
98%+) and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([EMIM][TFSI], 98%+) were purchased from Ionic Liquid Technologies (IoLiTec) and
were stored under nitrogen atmosphere in a low humidity desiccator prior to use. The
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lithium salt, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99%, Acros), was dried
under vacuum at 140 ⁰C for 24 hours and stored under a nitrogen atmosphere prior to use.
Distilled, deionized (DI) water was purified with a Millipore Milli-Q water
purification system (18 ΩM) equipped with a 0.22 µm Millipax filter. All water based
samples were stored under nitrogen to avoid ion contamination through the absorption of
CO2 from the atmosphere.

5.2.2

Electrolyte preparation
Ionic liquid (IL) based polymer electrolytes were prepared by mixing ILs with

polymers that have been shown to possess LCST phase behavior. Two variations of a
PEO based polymer electrolyte were prepared: a 1,500 MW PEO, [EMIM][BF4] mixture
and a 20,000 MW PEO, [EMIM][BF4] mixture. In prescribed ratios, PEO and
[EMIM][BF4] were mixed, heated to 90 ⁰C and stirred vigorously for 60 minutes.
Solutions were dried under vacuum (50 mTorr) at 90 ⁰C and vigorously stirred for a
minimum of 12 hours. The solutions were immediately transferred and sealed in
electrochemical cells for electrochemical testing.
PBzMA based polymer electrolytes were prepared by the co-solvent evaporation
method. PBzMA and LiTFSI were dissolved in anhydrous THF and sealed from the
atmosphere under nitrogen. In prescribed volumes, the PBzMA and LiTFSI solutions
were mixed with [EMIM][TFSI], heated to 80 ⁰C under nitrogen, and then dried under
vacuum (50 mTorr) at 80 ⁰C for a minimum of 12 hours. The solutions were
immediately transferred and sealed in electrochemical cells for electrochemical testing.
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5.2.3

Electrode preparation
Carbon electrodes were prepared by dispersing the mesoporous (MC) or activated

carbon (AC), conductive graphite, and PVDF in an 80/10/10 weight percent ratio in
NMP. Specifically, PVDF was dissolved in NMP and ultrasonicated for 30 minutes. MC
or AC and the conductive graphite were ground and mixed in a mortar and pestle and
slowly added to the PVDF solution. The resulting carbon pastes were then ultrasonicated
for 30 minutes and spread on 316 stainless steel sheets (60 x 60 mesh; roughly 20mm x
20mm squares each; 30.5% open). Electrodes were dried for at least 12 hours at 100 ⁰C
under vacuum and then soaked in their respective electrolyte for at least 6 hours at 100 ⁰C
under vacuum (~30 in Hg vacuum) prior to electrochemical testing.
Lithium titanate (LTO) electrodes were prepared by dispersing LTO, conductive
graphite, and CMC in an 80/10/10 weight percent ratio in DI water. Specifically, CMC
was dissolved in water and ultrasonicated for 30 minutes. LTO and the conductive
graphite were ground and mixed in a mortar and pestle and slowly added to the CMC
solution. The resulting LTO paste was then ultrasonicated for 30 minutes and coated on
9 µm copper substrates using the doctor blade method. The resulting electrodes were
approximately 40 µm thick. Electrodes were dried for at least 12 hours at 100 ⁰C under
vacuum and then soaked in their respective electrolyte for at least 6 hours at 100 ⁰C under
vacuum (~30 in Hg vacuum) prior to electrochemical testing. Lithium iron phosphate
electrodes were 100 µm thick on 15 µm aluminum foil. Electrodes were dried for at least
12 hours at 100 ⁰C under vacuum and then soaked in their respective electrolyte for at
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least 6 hours at 100 ⁰C under vacuum (~30 in Hg vacuum) prior to electrochemical
testing.

5.2.4

Electrochemical characterization
Electrochemical measurements were performed with a Gamry REF600

galvanostat/potentiostat in a 2-electrode setup using a split test coin cell (MTI, EQ-STC)
mounted in a modified convection oven. Solutions were heated at approximately 2
⁰C/min and allowed to equilibrate at set temperatures for 30 minutes prior to
electrochemical measurements. PEO/IL electrolyte measurements were conducted
between MC or AC electrodes separated by a 1mm thick poly(ether ether ketone) (PEEK)
spacer with an internal diameter of 12 mm (18.85 mm2) over a temperature range of 80 to
180 ⁰C. Electrodes and electrolyte were placed directly in the split test coin cell
apparatus. PBzMA/IL measurements were conducted on electrolytes between an LTO
anode (on copper) and an LFP cathode (on aluminum) separated by a 40 µm nonwoven
fiber separator (Dreamweaver) over a temperature range of 60 to 150 ⁰C. Electrodes,
electrolyte, and separator were assembled in standard 2025 button cells (MTI), crimped at
pressures >2,000 psi, and placed in the split test coin cell.
PEO/IL electrolytes and carbon supercapacitor cells were characterized using
cyclic voltammetry (CV), constant current charge-discharge (XD) and electrochemical
impedance spectroscopy (EIS). CV scans were performed at 300 mV/s (for MC
electrodes) and 5 mV/s (for AC electrodes) over a potential range of -1.0 to 1.0 V. XD
was performed on the AC electrodes at currents of 3.2 mA, for the low MW PEO/IL
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mixtures, and 2.0 mA, for the high MW PEO/IL mixtures, over a potential range of 0.0 to
0.8V. EIS analysis was performed over a frequency range of 100 mHz to 1 MHz (1V vs.
OCV, 20 mV peak to peak).
PBzMA/IL electrolytes and Li-ion cells were characterized using XD, EIS, and
open circuit voltage (OCV) measurements. XD was performed on the Li-ion cells at
currents that resulted in discharge times of approximately 1000 seconds (C-rate of 3.6)
over a potential range of 1.0 to 2.5V. EIS analysis was performed over a frequency range
of 10 mHz to 1 MHz (0V vs. OCV, 20 mV RMS). Dynamic EIS measurements were
performed using the same conditions, but while heating and cooling the cells at ~1
⁰C/min between 60 ⁰C and 150 ⁰C. OCV measurements were conducted before and after
XD and EIS runs.

5.3 Results and discussion
5.3.1

PEO/IL RPEs in carbon EDLCs
We initially studied PEO polymers with two distinct MWs (1.5K and 20K) and

two PEO/IL weight compositions (80/20, 50/50). These polymers will be referred to here
as PEO/IL (80/20), L-PEO/IL (80/20), PEO/IL (50/50) and L-PEO/IL (50/50), where
composition is designated and the low MW (1.5K) PEO mixtures are labeled L-PEO/IL.
Here, only the 50/50 mixtures of PEO and the IL are studied, due to their higher
conductivities and performances. The application of these RPE solutions in an energy
storage device was investigated using carbon coated stainless steel mesh electrodes.
While the 80/20 mixtures of PEO and the IL showed similar responses in electrochemical
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devices, their conductivities were low due to the high concentration of PEO and did not
show good performance using the carbon electrodes. Figure 5.1 shows the symmetric 2electrode cell that was fabricated using carbon electrodes soaked in the PEO based RPEs
overnight that were separated by a PEEK washer/spacer. Two types of carbons were
investigated: a mesoporous carbon (MC) with a low surface area and large pore diameter
(50-100 m2/g, 13.7 nm) and an activated carbon (AC) with a large surface area and small
pore diameter (2000 m2/g, 2.1 nm). The mechanism for energy storage within these
electrodes is the electrical double layer capacitance, where ions physically accumulate
(cation and anion of the IL) at the electrode/electrolyte interface in a non-Faradaic
process (no charge transfer). Very high surface area carbons (AC) are capable of higher
capacities, but possess lower current rates and power densities due to the highly
disordered ionic pathway compared to low surface area materials with open porous
structures (MC). As demonstrated in Figure 5.1, when the PEO/IL mixtures were heated
above their LCST, they phase separate (liquid-liquid) into a low conductivity PEO-rich
phase and a high conductivity IL-rich phase. Below this temperature, the mixture
displayed a high conductivity due to the low ionic resistivity of the IL and a favorable
PEO/IL conductive pathway. Above the LCST of the solution, a liquid-liquid phase
separation occurred in the PEO/IL mixture.
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Figure 5.1 Phase separation of the PEO/IL electrolytes as they are heated through the
LCST and allowed to phase separate (left), the carbon electrodes on stainless steel mesh,
and a schematic of the fabricated RPEs test cells.
Cyclic voltammetry (CV) measurements were used to determine how the
electrical double layer capacitance of carbon electrodes with PEO/IL electrolytes, which
depends on accessible surface area and ion concentration, are affected by solution
temperature. Figure 5.2 shows CV profiles of symmetric EDLCs containing AC carbon
electrodes in the pure IL, [EMIM][BF4]. As is expected in normal electrolytes, the
measured CV current increases linearly with temperature from 100 ⁰C up to 160 ⁰C, due
to an increase in the IL conductivity. The integrated area under the CV profiles, which is
a representation of the amount of charge stored, correspondingly increases with
temperature, as shown in the inset of Figure 5.2 (charge values are normalized to the
initial value at 100 ⁰C).
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Figure 5.2 CV scans for the pure IL, [EMIM][BF4], using AC electrodes while heating
between 100 ⁰C and 160 ⁰C. Inset shows the change in charge stored normalized to the
value at 100 ⁰C.
CV profiles of cells comprising AC electrodes in the L-PEO/IL (50/50)
electrolyte are shown in Figure 5.3 while heating from 100 ⁰C up to 160 ⁰C. Similar to
the pure IL, the relative amount of charge stored in these electrodes initially increases
between 100 ⁰C and 120 ⁰C, consistent with an increase in ion conductivity. Although the
L-PEO/IL (50/50) did not display a change in conductivity or a visual CP until above 174
⁰C (as shown in Chapter 4), the current observed during the CV cycling showed a
significant decrease as the cell was heated above 120 ⁰C. Wu et al have demonstrated
that a thermal transition occurs in these low MW PEO/IL systems between 120 - 130 ⁰C
utilizing DSC (Li & Wu, 2013), in contrast to the optical measurements obtained by
Lodge et al. where CP measurements were seen in the range of 160-170 ⁰C (consistent
with our visual CP measurement of 174 ⁰C) (Lee & Lodge, 2010).
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Figure 5.3 CV scans for L-PEO/IL (50/50) electrolyte using AC electrodes while
heating between 100 ⁰C and 160 ⁰C. Inset shows the change in charge stored normalized
to the value at 100 ⁰C.
As shown in Figure 5.3, the CV shows a decrease in current above 140 ⁰C,
however, the shape of the CV suggests that ion diffusion is not a limiting factor (profile
maintains a rectangular shape) and that either a loss of electrode area has occurred or an
increase in the resistance for charges entering the double layer has increased. These
observations support the hypothesis that the L-PEO/IL (50/50) electrolytes do in fact
exhibit a thermally-induced phase separation that cannot be detected during cloud point
measurements, where PEO is aggregating in solution within the electrode pores and then
binding to the surface of the carbon. Although the conductivity of the electrolyte
continues to increase with temperature in these systems, the formation of a PEO-rich
phase or coating inside the nanopores of the AC electrodes creates a barrier to charge
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insertion and accumulation at the electrode/electrolyte interface, resulting in a decrease in
electrochemical activity. The inset in Figure 5.3 shows that the charge capacity (or
electrode capacitance) at 160 ⁰C decreases to approximately 70% of if its value at 100 ⁰C.
To put this value in perspective, devices utilizing IL electrolytes exhibited a 1.7x increase
in charge capacity, which suggests that the use of the L-PEO/IL electrolyte causes a 50%
decrease in the electrochemical activity relative to how the conductivity would increase
in the absence of the phase separation.
Figure 5.4 shows the high MW PEO/IL (50/50) electrolyte using the AC
electrodes. Similar to the L-PEO/IL (50/50) solution, this electrolyte shows a drastic
decrease in charge capacity (~70% of its initial value) when heating up to 160 ⁰C (LCST
of 123 ⁰C). With this polymer electrolyte system, however, the shape of the CV suggests
that ion diffusion is the limiting factor (profile shows a skewed CV curve, and that the
change in conductivity is the driving force for inhibiting electrochemical activity.
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Figure 5.4 CV scans for the PEO/IL (50/50) electrolyte using AC electrodes while
heating between 100 ⁰C and 160 ⁰C. Inset shows the change in charge stored normalized
to the value at 100 ⁰C.
Comparable to devices comprised of AC electrodes, cells containing MC
electrodes exhibit a linear increase in charge capacitance with temperature in the pure IL,
as shown in Figure 5.5. This increase is once again attributable to the increase in
conductivity of the pure IL as it is heated up 160 ⁰C and the ease of the ions to penetrate
the electrode pores with increased temperature.
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Figure 5.5 CV scans for the pure IL, [EMIM][BF4], using MC electrodes while heating
between 100 ⁰C and 160 ⁰C. Inset shows the change in charge stored normalized to the
value at 100 ⁰C.
The electrochemical performance of the MC electrodes using the L-PEO/IL
(50/50) electrolytes is shown in Figure 5.6 over a temperature range of 100 ⁰C to 160 ⁰C.
Comparable to the pure IL, the charge storage ability of this electrolyte on the MC
electrodes continually increases with temperature up to160 ⁰C. While the L-PEO/IL
(50/50) was shown to decrease charge storage in the AC electrodes, the increase seen on
the MC electrodes suggests that the phase separation of the low MW PEO and coating on
the electrode surface doesn’t have the same effect on low surface area, large pore size
carbon as it does on the high surface area, small pore size AC.
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Figure 5.6 CV scans for the L-PEO/IL (50/50) electrolyte using MC electrodes while
heating between 100 ⁰C and 160 ⁰C. Inset shows the change in charge stored normalized
to the value at 100 ⁰C.
The electrochemical performance of the MC electrodes using the PEO/IL (50/50)
electrolytes is shown in Figure 5.7 over a temperature range of 100 ⁰C to 160 ⁰C. The
double layer capacitance of these devices initially increases until the cell reaches the
LCST of 123 ⁰C, as observed in the devices with the pure IL. Above this temperature,
however, the electrical double layer capacitance decreases as a result of a decrease in
conductivity and the formation of a barrier to the charging of the electrode/electrolyte
interface. Contrary to the L-PEO/IL (50/50) AC devices that only exhibit a decrease in
double layer capacitance, these devices exhibit a noticeable change in the CV profile
shape (skewed, rectangular to egg-shaped) which is indicative of ion diffusion limitation
characteristic. The inset in Figure 5.7 shows that the charge stored above 160 ⁰C again
decreases to approximately 70% of if its value at 100 ⁰C. These results demonstrate that
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the electrochemical processes occurring within an energy storage device can be limited
with PEO based RPEs.

Figure 5.7 CV scans for the PEO/IL (50/50) electrolyte using MC electrodes while
heating between 100 ⁰C and 160 ⁰C. Inset shows the change in charge stored normalized
to the value at 100 ⁰C.
Constant current charge-discharge (XD) measurements were performed on the
AC electrodes in the PEO/IL (50/50) and L-PEO/IL (50/50) electrolytes (discharge
profiles shown in Figure 5.8). A XD current was chosen for each system so that the 100
⁰C discharge was ~110 seconds. For the high PEO/IL (50/50) system, the discharge
capacity of the electrochemical cells increased up to 140 ⁰C as the solution conductivity
increases, where a sharp decrease in discharge capacity (total discharge time) was
observed.
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Figure 5.8 Charge-discharge (XD) profiles for the L-PEO/IL (50/50) electrolyte (left)
using MC electrodes while heating between 100 ⁰C and 160 ⁰C. Inset shows the change
in charge stored normalized to the value at 100 ⁰C.
As shown above, the solution conductivity decreases as the PEO and IL phase
separate, resulting in an increase in solution resistance and an increase in the Ohmic drop
(initial voltage drop needed to maintain discharge current at t = 0). Similarly, the
discharge capacity for the L-PEO/IL (50/50) system decreases above 140 ⁰C, however,
this system did not exhibit a similar change in conductivity due to phase separation,
resulting in the nearly temperature independent Ohmic drop seen in Figure 5.8. The
decrease in discharge capacity, therefore, cannot be explained by a change in solution
conductivity for the L-PEO/IL and again indicates that the polymer-IL phase behavior
results in additional resistances at the electrode/electrolyte interface, which are discussed
below.
Electrochemical impedance spectroscopy (EIS) measurements were performed to
determine the mechanism for the decrease in electrochemical activity on AC and MC
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electrodes when the cell temperature is increased above the LCST of the respective
electrolyte. Understanding the mechanism of ion adsorption and charge transfer
inhibition is critical for further developing electrolyte materials and compositions that can
be used to inhibit electrochemical devices that overheat and exhibit thermal runaway.
Measurements were carried out using symmetric cells of each electrode type in pure IL
electrolytes and all four RPEs, as shown in Figure 5.9.

Figure 5.9 EIS for the L-PEO/IL (50/50) electrolyte and PEO/IL (50/50) electrolyte
using AC electrodes (top) and MC electrodes (bottom) while heating between 100 ⁰C and
160 ⁰C. Arrows show the change in the trends in the EIS data as the temperatures
increases.
While CV measurements reveal changes in ELDC properties for one specific scan
rate, EIS provides insight into device characteristics over a range of time-scales, which
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can be fit to extract resistive and capacitive components of the electrochemical processes.
Carbon EDLCs are often modeled using de Levie’s Transmission Line Model (TLM)
equivalent circuit due to their highly porous and tortuous structure and intricate internal
resistances (De Levie, 1963). Here, we use a more simplified EIS model to reveal two
important electrode/electrolyte characteristics from the Nyquist plot of impedance vs.
resistance: the Ohmic resistance (RS), which is the intersection point with the x-axis in
the high frequency region, and the internal resistance to charging the EDLC
electrode/electrolyte interface or the “double layer” resistance. This internal resistance
was determined with the use of the EIS data fitting program ZVIEW and applying a
modified Randles circuit model (charge transfer and Warburg impedance in parallel to a
constant phase element) of the high- to mid-range frequency region. The in series
combination of the pseudo charge transfer resistance and Warburg impedance is referred
to here as the “double layer” resistance (RDL). The pseudo charge transfer resistance
results from the combination of various changes in solution conductivity and mobility of
ions in the nanostructured carbon pores and the change in the electrode/electrolyte
interface due to PEO physisorption (Gamby et al., 2001; Lust et al., 2003).
For the IL, L-PEO/IL (50/50) and PEO/IL (50/50) electrolytes on AC electrodes
(Figures 5.9, top), EIS measurements reveal a relatively high RDL that results from the ion
transport within the nanoscale pores of the AC. The Nyquist plots indicate that each
electrolyte is highly dependent on this internal resistance over frequencies as low as 1 Hz,
where characteristics of diffusion limited behavior are observed (45º slope in –Z” vs. Z’).
In Figure 5.9, devices containing pure IL on the AC electrodes exhibit a RDL that
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decreases with increasing temperature due to the increase in ion conductivity, similar to
conventional electrolyte solutions. Devices with AC electrodes in the L-PEO/IL (50/50)
initially show a decrease in RDL with increasing temperature (below the LCST) as
evidenced by the slight decrease in the high- to mid-range frequency semicircle radius.
Even though we observed that the solution conductivity continues to increase above the
LCST for this electrolyte, from the EIS measurements, it was found that the semicircle
radius of the Nyquist plot associated with RDL increases drastically, indicating an increase
in the double layer resistance. The increased resistance is attributed to an increased PEO
concentration within the pores of the electrodes combined with polymer physisorption on
the carbon surface, which supports our observations of decreased electrode capacitance in
XD measurements. Figure 5.9 shows that the devices containing PEO/IL (50/50) on the
AC electrodes display a similar but less significant trend. Although the higher MW PEO
system is capable of modulating the conductivity, the mixture contains PEO polymers
that are much larger than the AC pores thereby preventing the polymer from diffusing
into and coating the pore walls. Without complete coverage or physisorption on the
carbon surface (as observed with 1.5K MW PEO), the electrolyte containing 20K MW
PEO has a limited effect on the double layer resistance in the nanoporous electrodes.
Interestingly, these results confirm that electrochemical activity is more strongly affected
by polymer adsorption on the electrode interface than a decrease in ion conductivity
above the phase transition temperature.
In devices comprising MC electrodes with IL, L-PEO/IL (50/50) and PEO/IL
(50/50) electrolytes, EIS analysis reveals a much lower RDL (smaller semicircle radius) as
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a result of the larger pore size and ion accessibility in the MC. Unlike devices prepared
with the AC electrodes, the limiting charging/discharging resistance changes from RDL to
ion diffusion at much higher frequencies, 10-20 Hz, indicating that these cells containing
MC electrodes will be limited by ion mobility (conductivity) under most operating
conditions. In these systems, we expect electrolyte conductivity to have a more
significant impact of the electrochemical activity.
As expected, RDL decreases with increasing temperature in devices with pure IL
electrolytes on the MC electrodes, which is similar to the behavior on AC electrodes.
Since the mechanism on MC electrodes is governed by ion-transport rather than polymer
adsorption, we don’t expect a significant change in RDL above the LCST of the L-PEO/IL
(50/50), as shown in Figure 5.9. In fact, the characteristics of the Nyquist plot are quite
similar to results from devices with pure IL, as both electrolytes exhibit a continuous
increase in conductivity with increasing temperature. The radius of the high- to midrange frequency semicircle continues to decrease at temperatures up to 160 ⁰C, indicating
a decrease in the RDL. Contrary to the behavior in devices with AC electrodes,
electrolytes using low MW PEO do not seem to significantly affect the resistance of cells
comprising carbon electrodes with large pores (> 13 nm). Above we showed that
electrolytes comprising high MW PEO display a change in conductivity above their
LCST. As the charge storage mechanism of MC electrodes is governed by ion-diffusion,
it is expected that the electrochemical behavior of MC devices with the PEO/IL (50/50)
electrolyte correlate with the conductivity measurements of these systems from Chapter
4. Indeed, these cells initially show an initial decrease in RDL as the temperature
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increases, followed by a significant increase in resistance, as evidenced by the increasing
radius of the Nyquist semicircle above 120 ⁰C. In carbon electrodes with large pores,
electrochemical activity can be modulated using high MW PEO by inhibiting the ion
conductivity between the electrodes.
A summary of the changes for both the Ohmic resistance and double layer
resistance over the temperature range of 100-160 ⁰C is shown in Figure 5.10. Values for
resistances at each temperature were modeled with a modified Randles circuit and
normalized to the resistance at 100 ⁰C to display each profile on the same plot. Figure
5.10 shows how the Ohmic resistance (series) in the AC electrodes changed when using
the pure IL, L-PEO/IL (50/50), and PEO/IL (50/50) electrolytes. As previously described,
the solution resistance (which is a large component of the Ohmic resistance in the
electrochemical cell) only increases for the 20K MW PEO electrolyte, which exhibits a
decrease in conductivity above the LCST. With the MC electrodes, a similar but more
pronounced change in the Ohmic resistance is observed since the governing mechanism
in these materials is ion-diffusion (under the test conditions).
Figure 5.10 shows how the Ohmic resistance (series) in the AC electrodes
changed when using the pure IL, L-PEO/IL (50/50), and PEO/IL (50/50) electrolytes.
The solution resistance (which is a large component of the Ohmic resistance in the
electrochemical cell) only increases for the 20K MW PEO electrolyte, which exhibits a
decrease in conductivity above the LCST. With the MC electrodes, a similar but more
pronounced change in the Ohmic resistance is observed since the governing mechanism
in these materials is ion-diffusion (under the test conditions).
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Figure 5.10 EIS summary of the Ohmic resistance (RS) and double layer resistance
(RDL) of the L-PEO/IL (50/50) and PEO/IL (50/50) on the AC and MC electrodes while
heating between 100 ⁰C and 160 ⁰C. Trend lines are drawn for comparison but are not fit
to the data.
The RDL in the AC electrodes is strongly affected by the phase transition of LPEO/IL (50/50) and PEO/IL (50/50) electrolytes above their LCST. As expected, devices
with pure IL electrolyte show a decrease in RDL as the temperature increases. Both the LPEO/IL (50/50) and PEO/IL (50/50) electrolytes show a drastic increase in RDL when
heated above their LCST. A more pronounced increase is seen in the AC electrodes with
the L-PEO/IL (50/50), since the smaller PEO chains can infiltrate the nanoscale (2 nm)
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pores and absorb on the electrode surface. On the MC electrodes, the double layer
resistance increases for devices with pure IL and L-PEO/IL (50/50), as both systems
exhibit an increase in conductivity with increasing temperature. Cells with PEO/IL
(50/50) electrolytes, however, show a 3-fold increase in RDL above the LCST, as is
expected due to the decrease in ion conductivity between the carbon electrodes, which
reduces ion concentrations near the electrode surface.
Responsive electrolytes were evaluated within model Li-ion batteries using a
0.2M LiBF4 in the PEO/IL (50/50) electrolyte. Test cells were comprised of a Li4Ti5O12
(LTO) anode, LiFePO4 (LFP) cathode, and a high-temperature stable nonwoven separator
(Dreamweaver, Intl.) soaked in the responsive electrolytes to form a ~1.7 V, high power
Li-ion battery. With the responsive electrolyte, the cell was able to deliver power over
the voltage range of 1.0-2.5V when the temperature is below the electrolyte LCST. As
the cell is heated above a specific temperature (LCST of 0.2M system is ~140 ⁰C), the
battery performance decreases due to the polymer phase separation into a biphasic
mixture. The formation of the biphasic mixture results in the creation of a barrier to Liion diffusion to and from the electrode/electrolyte interface in addition to a decrease in
Li-ion conductivity within the electrolyte.
Figure 5.11 shows the performance of the 0.2M LiBF4 system at 100 ⁰C, as it is
heated to a temperature just below the LCST (125 ⁰C) and after it is heated to a
temperature above its LCST (150 ⁰C). The applied current was chosen so that the
discharge time at 100 ⁰C was approximately 500 seconds to ensure compatibility with
high power operation. Upon heating from 100 ⁰C to 125 ⁰C, the discharge time of the
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battery system increases slightly due to an increase in the electrolyte conductivity. Once
temperatures above the LCST are reached (approximately 150 ⁰C), the RPE solution
begins to phase separate into a biphasic mixture, thereby reducing the solution
conductivity and Li+ charge transfer at the electrode interface. When cooling the system
back to 100 ⁰C and allowing to maintain that temperature for 72 hours, performance of
the electrolyte did not return to its original characteristics or discharge time in the LTOLFP system and actually exhibits nearly complete shutoff. At even cooler temperatures,
the PEO will likely solidify forming further resistance to charge transfer and low Li+
conductivity, as observed in solid gel electrolytes (that are not capable of high power
operation).
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Figure 5.11 LTO/LFP Li-ion cell charge-discharge with a 0.2M LiBF4 in the PEO/IL
(50/50) polymer electrolyte at 100 ⁰C, 125 ⁰C, 150 ⁰C, and after cooling back to 100 ⁰C
for 72 hours. A current was chosen to achieve a discharge time of approximately 500
seconds at 100 ⁰C. Cell performance and discharge time increased upon heating to 125
⁰C but decreased drastically above the LCST 150 ⁰C. Upon cooling 100 ⁰C, performance
continued to decrease.
5.3.2

PBzMA/IL RPEs in Li-ion batteries
While state-of-the-art safety mechanisms render LIBs inoperable (melting

separators), the possibility of utilizing a high performance responsive electrolyte
consisting mainly of ILs that reversibly increase internal resistances may provide an
opportunity to mitigate thermal failure while improving LIB lifetime and operating
conditions. Here, we describe how a responsive electrolyte comprised of a low wt %
solution of PBzMA in 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
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[EMIM][TFSI] with the lithium salt, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
inhibits LIB operation at elevated temperatures. Previously, it was shown that 5 wt %
solutions of PBzMA with varying amounts of LiTFSI showed a thermal phase separation
in the temperature range of 90-140 ⁰C. As opposed to the PEO/IL system, where the
polymer is capable of coordinating and transporting Li ions at the electrode surface,
PBzMA acts as an electronic and ionic insulator, thereby increasing internal resistances
in the cell at high temperatures well above that of the PEO/IL system.

Figure 5.12 Schematic of the LIB setup (including assembled coin cell) with a lithium
titanate (LTO) anode, lithium iron phosphate (LFP) cathode, high temperature separator,
and PBzMA/IL RPE (left) and thermal-response mechanism at high temperatures at the
electrode surface (right).
Responsive electrolytes were evaluated within model Li-ion batteries, as shown in
Figure 5.11. Test cells were comprised of a Li4Ti5O12 (LTO) anode, LiFePO4 (LFP)
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cathode, a high-temperature stable nonwoven separator (Dreamweaver, Intl.) and the
responsive electrolytes to form a low voltage (~1.7 V), high power Li-ion battery. With
the responsive electrolyte, the cell can deliver power over the voltage range of 1.0-2.5V
when the temperature is below the electrolyte LCST. As the cell is heated above ~120140 ⁰C, the battery ceases to operate as the polymer phase separates from the electrolyte
creating a barrier to charge transfer (lithium intercalation) at the electrode/electrolyte
interface and to some extent, ion transport through the separator.
At 60 ⁰C, Li-ion cells were evaluated in a 1M LiTFSI solution with 0 wt %
PBzMA using constant current charge-discharge (XD) testing with various C rates (1-4
C) over the voltage range of 1.0 to 2.5 V. Here, C-rates are defined as the number of
discharge cycles that can be performed in a given timeframe (i.e. a 1C rate is equivalent
to the current that would results in a discharge cycle of 1hr, a 4C rate is equivalent to the
current that would results in 4 discharge cycles in 1hr or one discharge time of 15
minutes, etc.). Typical LIB C-rates are in the range of 0.1 to 1, with the values here
chosen to demonstrate the high power capabilities of the LTO/LFP cell and the change in
power capability when using the PBzMA/IL RPE at high temperatures. Additionally,
these C-rates reflect the power capabilities that would be needed for large-format energy
storage applications, such as those for electric vehicles (EVs). Capacity values were
reported based on the mass of LTO as LFP was used in excess (capacity is limited by the
lower of the two electrodes in series). The discharge voltage of the LFP/LTO system
(1.4-1.7 V) is lower than conventional LIBs; however, it is capable of delivering high
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power rates while maintaining high capacities, as shown for the 1M LiTFSI electrolyte in
Figure 5.12.

Figure 5.13 LTO/LFP Li-ion cell charge-discharge with a 1M LiTFSI in [EMIM][TFSI]
at 60 ⁰C at various C-rates.
To determine the stability of the cell over the temperature range of interest (100 –
160 ⁰C), charge-discharge measurements were performed with increasing temperature up
to 160 ⁰C at a discharge rate of 3.6C (~1000 sec discharge). As shown in Figure 5.13, at
a rate of 3.6C at 60 ⁰C, the cell capacity is low due to the low conductivity of the IL
(which causes the cell to discharge at lower voltages), but significantly increases with
temperature up to 140 ⁰C, as the conductivity of the IL increases due to the decreasing
viscosity (which causes an increased discharge voltage and longer discharge time).
While normal Li-ion batteries show higher capacities in traditional electrolytes, they
cannot be heated well above 80 ⁰C without volatility problems and increased pressure in
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the cell (Roth & Orendorff, 2012). Here, the IL provides a safe way of increasing
temperatures in the cell without sacrificing safety (negligible volatility at high
temperatures) (Rogers & Seddon, 2003). At 160 ⁰C, the discharge potential slightly
decreases in the LIB, resulting in a loss of capacity. For all four temperatures, the power
can be calculated from the product of the current and the potential. With the current
constant at all four temperatures, it is clear that the power is low at low temperatures,
increases up at temperatures up to 140 ⁰C, and then begins to show signs of fading at high
temperatures such as 160 ⁰C.

Figure 5.14 LTO/LFP Li-ion cell EIS Nyquist plot for the 1M LiTFSI in [EMIM][TFSI]
at 60 ⁰C at a rate of 3.6C.
Internal resistances within the battery were investigated using electrochemical
impedance spectroscopy (EIS) measurements. The Nyquist plot of the impedance vs.
resistance of the LIB system in the 1M LiTFSI in Figure 5.14 shows that the resistive
components of the cell decrease as the temperature is increased up to 120 ⁰C. Between
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120 ⁰C and 140 ⁰C, a slight increase in charge transfer resistance (mid- to highfrequencies) is observed, presumably due to either impurities, electrode/electrolyte
degradation, or current collector/cell dissolution (Balakrishnan et al., 2006). At
temperatures up to 160 ⁰C, this charge transfer resistance is more pronounced (from
~100Ω to 300Ω), resulting in higher barriers to charging and discharging the cell and
overall decrease in the discharge voltage and slight decrease in capacity that was seen in
Figure 5.13. For this reason, battery testing with responsive PBzMA/IL electrolytes was
kept below 160 ⁰C so that the effects of the PBzMA could be fully differentiated.

Figure 5.15 LTO/LFP Li-ion cell EIS Nyquist plot for the 1M LiTFSI in [EMIM][TFSI]
as the cell was heated to 160 ⁰C.
Previous work shows that the thermally activated phase transition of PBzMA
occurs in [EMIM][TFSI] around 105 ⁰C. Previously, we found that Li-ion concentration
has a significant influence on the phase transition temperature, with increasing LiTFSI in
the PBzMA/IL leading to an increase in the LCST from 106 ⁰C, 118 ⁰C, 129 ⁰C, to 135
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⁰C for 0.2M, 0.5M, 0.8M, and 1.0 M solutions, respectively. As with our previously
studied PEO/IL system, the LCST of these electrolytes is strongly affected by the salt
concentration. This “salting in” effect inhibits the polymer from phase separating and
increases its solubility limit, thus increasing the temperature at which the phase transition
occurs. As a result, it is important to balance battery performance, which increases with
salt concentration, and the electrolyte phase-transition temperature.
LTO/LFP batteries were fabricated and tested using thermally responsive polymer
electrolytes with LiTFSI concentrations of 0.2M, 0.5M, and 0.8 M over the temperature
range of 60 ⁰C to 150 ⁰C. XD currents were selected for each system to achieve a C rate
of 3.6 at 60 ⁰C. EIS measurements were performed at the open circuit voltage (OCV) in
20 ⁰C increments up to 140 ⁰C. At 150 ⁰C, EIS and XD measurements were performed
when the system reached a steady state temperature and again after 3 hours.
Figure 5.15 shows that the 0.2M, 0.5M, and 0.8M electrolytes show a decrease in
the OCV with increasing temperature. A 1M LiTFSI electrolyte with 5 wt % PBzMA,
where the LCST is 135 ⁰C, is shown for reference, but shows almost no change over this
same temperature range. The 0.5M electrolyte, however, shows the largest decrease in
OCV, well below the battery’s discharge limit (1.0 V). While the 0.2M and 0.8M
electrolytes show a decrease in the OCV, they maintained a value above this lower limit,
which signifies that they could still have the capability of charging and discharging in the
1.0-2.5V range. A decrease in OCV these PBzMA/IL RPEs is attributed to the increase
in cell internal resistance due to polymer phase separation in the electrolyte, within the
separator, and at the electrode surface. Because PBzMA is an electronically and ionically
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insulating polymer, coating of the electrode surface would cause a drastic increase in the
charge transfer resistance or ability of the lithium ions to intercalate into and out of the
LTO and LFP electrodes.

Figure 5.16 Effect of increasing temperature on the OCV for 0.2M, 0.5M, 0.8M and
1.0M LiTFSI in 5 wt % PBzMA polymer electrolytes.
Fig. 5.16 shows an example Nyquist plot for the 0.5M LiTFSI PBzMA
electrolyte, where diffusional resistance (high frequencies) increases above 100 ⁰C and a
drastic increase in charge transfer resistance (semi-circle at mid- to high- frequencies)
occurs when the solution is heated to 150 ⁰C for 3 hours. EIS revealed similar changes in
cell resistances at similar temperature for the 0.2M and 0.8M electrolytes, however, the
0.8M solution showed only a minimal change in charge transfer resistance, even after 6
hours at 150 ⁰C. The changes in cell resistance can be directly attributed to the thermal
phase separation of the polymer in solution (diffusional resistance increase) and at the
electrode/electrolyte interface (charge-transfer resistance).
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Figure 5.17 Effect of increasing temperature on the EIS Nyquist plot for a 0.5M LiTFSI
PBzMA polymer electrolyte.
Figure 5.17 shows XD runs for the three polymer electrolyte solutions (0.2M,
0.5M, and 0.8M LiTFSI in 5 wt % PBzMA) at an initial temperature of 60 ⁰C and after
reaching steady state for 3 hours at 150 ⁰C. The 0.2M solution shows an almost complete
shutoff in terms of capacity as the increase in internal resistance of the cell above the
transition temperature decreases the OCV and stops the LTO/LFP battery from charging
between 1.0 and 2.5V. Although this system was not shown to have as drastic of an
OCV change when compared to the 0.5M solution up to 140 ⁰C (Figure 5.15), it
possesses the lowest LCST (106 ⁰C) of these three systems, and the increase in
temperature up to 150 ⁰C for 3 hours gives the polymer time to phase separate at the
electrode/electrolyte interface. In traditional IL electrolytes (Figure 5.13), an increase in
temperature will increase the capacity of the device due to the increase in L-ion
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conductivity and a decrease in cell resistance. Here we show that the addition of a
thermally-responsive polymer to the solution impedes this increase in performance and
causes an almost complete shutoff in the battery over these conditions.

Figure 5.18 Effect of increasing temperature on the XD for the 0.2M, 0.5M, and 0.8M
LiTFSI PBzMA polymer electrolytes while heating from 60 ⁰C to 150 ⁰C and allowing
the solution to equilibrate for 3 hours.
With an increase in the LiTFSI concentration to 0.5M and 0.8M, the polymer
electrolyte loses its ability to shutoff battery operation, whereas the 0.8M electrolyte
actually shows an increase in performance at 150 ⁰C (similar to pure IL electrolytes).
Although it shows favorable characteristics in terms of the OCV and EIS vs. temperature,
the LCST of the 0.8M electrolyte may be too high (129 ⁰C ) for the current LTO/LFP
system (where temperature limit of heating is 150 ⁰C). This temperature may not provide
the necessary means for complete phase separation of the polymer and the high content of
LiTFSI may be preventing complete phase separation.
To test the reversibility of the PBzMA materials while heating and cooling, EIS
measurements were performed continuously (~every 2 minutes) on a 0.5M LiTFSI
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solution in the 5 wt % PBzMA electrolyte. Figure 5.19 shows the Nyquist plot of
selected EIS scans in the LTO-LFP battery system with the RPE electrolyte as it was
heated from 60 ⁰C -150 ⁰C (~1 ⁰C/min) and then held at that temperature for 10 minutes.
It can be seen that the overall shape of the EIS scans does not change significantly on this
timescale, an indication that the polymer has either not completed phase separated from
solution or has not been given enough time to aggregate on the surface and affect the
internal resistances of the system.

Figure 5.19 EIS scans of the 0.5M LiTFSI in 5 wt % PBzMA/IL electrolyte while
heating between 60 ⁰C and 150 ⁰C at 1 ⁰C/min. A minimal change in the EIS shape
indicates that the polymer has yet to cause changes in the performance of the LTO-LFP
battery system on this timescale.
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Upon cooling the system from 150 ⁰C to 60 ⁰C (1 ⁰C/min), EIS scans reveal a drastic
increase in the internal resistance of the system. Figure 5.20 shows selected Nyquist
plots from EIS measurements on the battery with 0.5M LiTFSI in the PBzMA-IL
electrolyte during the heating cycle (Figure 5.19) combined with the cooling cycle. As
the system is cooled from 150 ⁰C to 60 ⁰C (1 ⁰C/min), EIS scan reveal a large increase in
the charge transfer resistance of the LTO-LFP battery system. This characteristic
changes indicated two thing. First, the phase separation of the polymer - and its
corresponding ability to coat the electrode and increase the charge transfer resistance is
kinetically limited. The polymer requires both high temperature and long time-scales to
affect the electrochemical response of the system. Second, these results indicate that the
polymer phase separation may not be reversible, as cooling the cell does not restore the
low-temperature LTO-LFP battery performance or reduce the internal resistances as the
battery cools below the LCST of the PBzMA electrolyte system.
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Figure 5.20 EIS scans of the 0.5M LiTFSI in 5 wt % PBzMA/IL electrolyte while
heating between 60 ⁰C and 150 ⁰C at 1 ⁰C/min, holding at 150 ⁰C, and then cooling to 60
⁰C at 1 ⁰C/min. A drastic change in the EIS shape indicates that the polymer has phase
separated, causing an increase in the charge transfer resistance and the performance of the
LTO-LFP battery system. The inset shows the original heating run between 60 ⁰C and
150 ⁰C.
5.4 Conclusions
In summary, it was shown how the LCST phase transition of RPEs can be used to
modulate the electrochemical activity of electrode interfaces and nonaqueous electrolyte
solutions, which can be used to control the function of energy storage devices. Using
electrolytes comprised of the ionic liquid, [EMIM][BF4], PEO, and lithium salt LiBF4, it
was shown that the solution conductivity can be designed to decrease when the
temperature of the system increases beyond the LCST of the mixture. Upon phase
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separation of PEO from the IL, the double layer resistance of carbon electrodes increases
as a result of either polymer adsorption on the electrode interface, or a decrease in
conductivity which limits the ion concentration near the electrode surface. These
polymer systems show promise for future electrolytes as they are capable of altering both
the Ohmic (solution) resistance and the double layer capacitance of carbon based devices.
The electrolyte design provides a novel approach to mitigating thermal hazards
associated with batteries and electrochemical device overheating, and further
development of similar responsive electrolytes will inevitability have a tremendous
impact on Li-ion batteries device operation as PEO/IL polymer electrolytes are already
finding their way into commercial LIB devices.
Additionally, it was demonstrated that a LTO/LFP battery can operate at high power
rates in an [EMIM][TFSI] electrolyte with a LiTFSI salt and that the addition of the
thermally-responsive polymer, PBzMA, can be used to effectively decrease battery
operation at elevated temperatures. While the addition of the polymer affects
performance, high power rates at relatively high capacities can still be maintained at
temperatures below the LCST. Finally, both the LiTFSI concentration (which affects the
LCST) and the upper temperature limit have been show to alter the ability of the
responsive polymer electrolyte to halt device performance.
While the cooling of these two systems below their respective LCST transition has
not shown signs of reversibility, we have clearly demonstrated that both systems respond
to conditions where overheating and thermal runaway can occur to impede continued
operation. The response of these systems is generally attributed to the polymer phase
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separation and decreases in system performance (conductivity) or increases in internal
resistances (charge transfer, ion transport), it should be noted that many other
temperature-dependent properties, such density and viscosity, may also have an effect on
the response of LTO-LFP battery systems at high temperature. Elucidating the
differences in these changes and their effect on the performance of Li-ion devices will
help to better understand the ability of RPEs to modulate and impede electrochemical
properties.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
The overall objective of this PhD dissertation was to understand the phase
behavior or responsive polymer electrolytes (RPEs) in order to develop novel electrolytes
that can influence or change the properties in electrochemical energy storage devices,
such as electrochemical double layer capacitors (EDLCs), supercapacitors, and Li-ion
batteries (LIBs). While the use of responsive polymers shows promise for many
applications (Ahn et al., 2008; Stuart et al., 2010; Urban, 2011; Wandera et al., 2010),
their utilization in electrochemical devices has been very limited. The ability to influence
solution properties and electrochemical performance, however, could lead to many new
opportunities for “smart” energy storage, sensors, or other electrochemical devices. In
their application as a safety mechanism in Li-ion batteries that suffer from abuse,
overheating and thermal runaway may lead to inherently safe systems that are capable of
responding to high temperatures, further overheating, and thermal runaway. If reversible,
these safety measures may allow such devices to return to normal operating conditions
without the loss of performance or functionality.
Initially, RPEs that showed a thermally activated phase separation in aqueous
environments were developed as a model to demonstrate the concept of thermal control
in aqueous phase redox systems. Here, copolymers of N-isopropylacrylamide and
organic acids were synthesized and tested to exemplify the use of responsive electrolytes
capable of reversibly altering solution properties and redox electrode performance by
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changing temperature. As PNIPAM exhibits a lower critical solution temperature
(LCST) of approximately 32 ⁰C, it was expected that by changing the solution
temperature between 25 and 60 ⁰C, solution properties could be altered by an order of
magnitude and electrochemical performance could be decreased by more than ~50%.
Furthermore, since PNIPAM has been shown to re-dissolve when solutions are cooled
below this LCST, it was expected that the system would reversibly restore solution and
electrochemical properties upon cooling. While these materials are not directly
applicable to energy storage devices that require high conductivities, nonaqueous
electrolytes, or thermal transitions at higher temperatures (80 – 200 ⁰C), they showed
promise for electrochemical systems that would benefit from changes in solution
properties with temperature, such as sensors, electrochromics, or other electroanalytical
devices. Further testing of these type of materials, especially those with varying acid
content, copolymers with various organic acids with a range of pKa values, and systems
with a wider range of LCST values, should be considered as a way of creating
electrochemical devices where a change in temperature (natural or artificial) can be used
measure properties of a system or change the performance of a device.
Using the knowledge gained through the development of aqueous RPEs, we
transitioned our material focus toward systems with better performance, thermal
response, and applicability in commercial energy storage devices, such as Li-ion
batteries. Subsequent work focused on more recently discovered thermally-responsive
materials based on polymers in ionic liquids (ILs). Here, polymers such as poly(ethylene
oxide) (PEO) and poly(benzyl methacrylate) (PBzMA) were shown to possess a
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thermally activated phase transition in ILs at much higher temperatures than in the
aqueous PNIPAM based RPEs.
Because of the highly conductive nature of ILs and their compatibility with many
battery devices, it was expected that these systems would show exceptional
electrochemical properties in devices such as carbon supercapacitors and Li-ion batteries
(due to the high conductivity of the IL) and a large decrease in performance above the
LCST (similar to the PNIPAM aqueous RPEs). Using similar testing to the aqueous
RPEs, it was shown that EDLC and Li-ion battery performance could be altered at the
elevated temperatures where thermal runaway, fires, and explosions occur. While the
PEO/IL RPEs caused a decrease in device performance that could inhibit thermal hazards
at dangerous temperatures (140 – 180 ⁰C), the PBzMA/IL RPEs allowed for an almost
complete shutoff in device operation above the LCST (~100 – 140 ⁰C). Because
traditional safety mechanisms in LIBs render the cells inoperable or require extensive
heating for the deactivation to occur, it is expected that our approach will lead to
improved safety and less waste in failed battery systems. These nonaqueous RPEs may
lead to new safety mechanisms for large-format energy storage that can inhibit
overheating and performance at high temperatures, avoid dangerous conditions where fire
and explosions occur, and potentially reversibly return them to normal operation upon
cooling.
While the aqueous and ionic liquid based RPE systems demonstrate proof of
concept as responsive electrolytes for electrochemical systems, many issues need to be
addressed prior to commercial applications. The aqueous RPE systems utilizing
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PNIPAM copolymers show very good reversibility, which will be advantageous for
systems outside of electrochemical energy storage (sensors or smart electronics),
however, their LCST transition temperature is very low and high conductivities are
difficult to achieve. In order to adjust these transition temperatures, the polymer
composition must be modified with either hydrophobic groups (decrease in LCST) or
hydrophilic groups (increase in LCST). The adaptation of these polymers for specific
applications, therefore, will require a modification of the polymer composition on the
microscopic scale, which can be both costly and difficult. Additionally, the temperatures
that these aqueous systems can be applied falls within a narrow range (0 ⁰C to 100 ⁰C at
ambient pressures), making their application in electrochemical energy storage quite
limited. For the ionic liquid based RPEs, the adjustment of the LCST transition
temperature can be achieved through simple modification of the polymer MW, the ionic
liquid composition and the amount of lithium salt incorporated into the solution. As
opposed to the aqueous systems, the polymer (such as PEO or PBzMA) does not need to
be modified on the microscopic scale to adjust the LCST, although this is still possible.
Additionally, these systems may be able to benefit from the addition of molecular
solvents or other types of additives to modify the LCST transition and electrochemical
performance. With these in mind, it is easy to see why the ionic liquid based RPEs show
great promise for use in electrochemical systems and, in particular, energy storage
devices. They can be used over a wide range of temperatures (these ionic liquids
typically remain in the liquid phase between -20 ⁰C and 300 ⁰C) and can be tailored on
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both the microscopic and macroscopic scale to achieve a given set of properties,
performances, and phase behavior at elevated temperatures.
With the potential adaptation of these materials to electrochemical energy storage
devices in mind, several key questions still need to be addressed. What polymer- ionic
liquid mixtures can be adapted to Li-ion batteries outside of the low potential, high power
lithium titanate – lithium iron phosphate system previously demonstrated? Can these
RPEs be adapted to high potential, high energy Li-ion batteries, such as those comprising
graphitic carbon anodes and lithium cobalt oxide cathodes? Can the thermal response of
these RPEs be maintained with the high level of salts required for Li-ion batteries (~1.0
M or higher)? Can we lower the transition temperature of these systems while increasing
the salt concentration, so that battery shutdown at temperatures well below dangerous
levels can be achieved (80 ⁰C – 120 ⁰C)? Do these IL RPEs exhibit long term stability at
normal operation conditions and how well will they perform over the range of
temperatures that normal batteries experience (-40 ⁰C to 70 ⁰C)? How does the potential
of the electrochemical system have an effect on the phase behavior and reversibility of
these devices?
In addition to these performance characteristics of the IL RPEs, several other
questions need to be addressed in order to utilize these type of electrolytes as a safety
mechanism in Li-ion batteries. Do other polymers show responsive characteristics
similar to these PEO and PBzMA polymer electrolytes? Can they be used in similar
manner to the PEO and PBzMA based RPEs previously shown? Can they be used to
modify LCST transitions to provide better shutdown capability at lower temperatures?
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What ionic liquids, if any, can be used with these responsive systems? Are there
limitations on the use of these ionic liquids from the standpoint of cost, compatibility, and
production scale up? Furthermore, can general correlations be developed between
IL/polymer chemistry, phase behavior, and effect on battery behavior?
Finally, one of the key advantages of the aqueous system that was not adequately
addressed in the ionic liquid RPEs was the issue of reversibility. While it has been
shown that the PEO and PBzMA polymers re-dissolve in the ionic liquid as they are
cooled to temperatures below the LCST (outside of an electrochemical cell), the testing
performed to date has not shown a restoration of battery performance when decreasing
the temperature to acceptable levels. What currently limits reversible behavior in these
systems is polymer absorption to the electrode surface and to the battery separator. Is
there a way of making these systems capable of providing a reversible mechanism so that
performance can be restored? Do the electrochemical setup, electrochemical potential,
and confinement of these electrolytes in coin cells provide a barrier to the reversibility in
these systems? Does the use of porous electrode materials and porous separators impede
on the reversibility of the system and how do the systems operate with and without these
types of materials? And finally, a key question that needs to be addressed is whether
reversibility in these systems is actually required for these RPEs to be used as an
effective safety mechanism?
If battery systems begin to show signs of overheating, safety mechanisms, such as
trilayer separators, can be utilized to prevent thermal runaway. A disadvantage of these
and other safety mechanisms is that they are irreversible. More importantly, global
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overheating of the entire battery must occur before the trilayer separator begins to soften
and shutdown battery operation (i.e. the battery separator may not experience the required
temperature increase to shut down until other parts of the battery have reached
dangerously high temperatures). Because the separator itself must experience an increase
in temperature for the response to initiate, local hotspots, or microscopic increases in
temperature at the electrode/electrolyte interface, may not initiate the batteries safety
mechanism. In high power devices, high currents require rapid insertion and removal of
lithium ions into (and out of) the anode and cathode at high rates. These high currents
can cause an increase in temperature due to the exothermic nature of Li-ion intercalation
reactions, where higher currents mean more heating. Because these high currents are
necessary for high power devices, local hotspots can arise that are a results of these
abusive, high power conditions. The RPEs discussed previously may not show the
reversibility required to save batteries and restore them to their original operating
conditions; however, they may have the ability to mitigate local hotspots from
overheating beyond dangerous levels, therefore preventing the entire battery from
overheating in order to maintain operation at safe levels. Figure 6.1 shows an example of
this local overheating and the possible advantage of using RPEs, where the polymer
phase separation blocks hot spots from continuing to increase in temperature, while the
rest of the battery can still operate effectively. As local hotspots form, the polymer can
phase separate, absorb to the electrode surface, and create a barrier to the high currents to
prevent excessive heat generation. These RPEs may be capable of saving battery lifetime
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by dealing with local overheating as it occurs in the battery, which is a huge advantage
over traditional safety mechanisms, such as the trilayer separator.

Figure 6.1 Schematic of the ability of the ionic liquid based RPEs to mitigate thermal
runaway at local hotspots. Phase separation of the polymer at the surface of the electrode
creates a barrier to increased overheating due to the inability of current to flow.
6.2 Recommendations
6.2.1

Aqueous RPEs
During the initial work with aqueous RPEs, it was observed that the synthesis of

N-isopropylacrylamide (NIPAM) with ionic groups other than acrylic acid (AA) resulted
in better room temperature properties in solution while still maintaining moderate thermal
responses. Two acid groups with pKa values much lower than AA (pKa’s of ~0-1 vs.
4.25 for AA) were incorporated and tested using p-styrenesulfonic acid and allylsulfonic
acid. While the results were limited, it was shown that polymers with ionic contents
above 2% showed limited thermal response, but that polymers with ionic contents below
2% showed an order of magnitude of change in solution conductivity. Copolymers
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behave as strong acids and higher ionic contents may prevent the thermal phase
separation and aggregation that is needed to alter solution properties. It is recommended
then, that copolymers of NIPAM, low pKa materials, and groups with an intermediate
pKa (such as 4-vinylbenzoic acid) be synthesized at lower ionic content levels to see if
better aqueous RPEs can be developed. Also, lower content of these low pKa acid
groups makes the polymer less ionic and will provide the best phase separation.
Additionally, it has been shown that non-responsive copolymers of N,Ndimethylacrylamide (DMA) and AA show little response to increased temperature. It is
recommended that DMA be incorporated into these aqueous RPEs as a way of altering
the LCST and providing a level of tailorability to the aqueous systems. Finally, it is
recommended that controlled free radical polymerizations be employed (ATRP, RAFT)
in order to better control the ionic content, MW, and distribution of monomer groups in
the aqueous RPEs so that better thermal control can be obtained. By creating more
advanced aqueous RPE systems, it may be possible to incorporate these types of
materials into solutions or onto surfaces so that they may be used for smart sensors and
other types of electroanalytical devices. An overall goal for these materials would be to
(1) increase the solution properties at lower temperatures and (2) create a high extent in a
certain property change.
In addition to using these thermally-responsive polymers for aqueous electrolyte
systems, several research endeavors involved the use of thermally-responsive copolymers
for responsive sensors, interfaces, or alga harvesting. Here, the binding affinity of amine
groups incorporated into NIPAM copolymers towards algal cells at room temperature
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allowed us to heat solutions above the LCST, where both the polymer and algae phase
separated together. Figure 6.2 shows a schematic of the thermal phase separation that
occurs in both solution and surface modified systems, where algal cells interact and bind
with the NIPAM both below and above the LCST. Collection of high temperature
fractions of the algal cells from solution using these responsive polymers has shown great
promise as a way of efficiently harvesting materials with simple temperature swings. It is
recommended that various amine based NIPAM copolymers be developed, characterized
and investigated as tools for harvesting algae cells for the processing and production of
biomass.

Figure 6.2 Schematic of the use of amine based NIPAM copolymers for trapping and
collecting algal cells for the production of biomass. Green algae cells are bound to the
NIPAM copolymers in solution or on surfaces.
6.2.2

Ionic liquid RPEs
The two IL-based RPE systems developed thus far have shown promise as novel,

alternative mechanisms for controlling thermal runaway in LIBs. Initial testing with the
PEO/IL based system on carbon supercapacitors and LTO-LFP batteries has
demonstrated that these materials can be used to modulate the performance of
electrochemical energy storage device by changing temperature. Initial testing in Li-ion
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battery systems has also shown that this system can potentially mitigate safety issues in
an advanced battery device by forming high resistances within the cell. Because PEO is
already actively investigated as a solid polymer electrolyte for LIBs, it is recommended
that our system’s properties be combined with prior knowledge in the field (high
performance, mechanically stable polymer electrolytes combined with ionic liquids) to
obtain high performance at low temperatures while maintaining a thermally activated
shutoff mechanism in Li-ion devices at high temperatures. Research has already shown
that lithium titanate anodes combined with lithium iron phosphate cathodes are stable
electrochemical cells for testing with these systems, so it recommended that the PEO/IL
electrolyte be tested in these Li-ion devices while using varying levels of the lithium salt,
LiBF4, as a means of controlling the LCST and the temperature at which the device
performance is inhibited. By increasing the salt concentration, the performance of the
these Li-ion devices will increase, however, the LCST will also increase. In order to
lower the LCST while maintaining a high salt concentration, higher MW PEO should be
considered, as this will lower the LCST transition.
For the PBzMA/IL system, it was shown that the LCST of the responsive polymer
electrolyte was greatly influenced by the salt concentration, and that high salt
concentrations made it difficult for the PBzMA to phase separate and inhibit device
performance at lithium salt concentrations above 0.5M. It is recommended that these
systems be examined in more detail, so that high salt concentrations (0.8 – 1.2M) can be
achieved while still maintaining a thermal response and device shutdown. This
investigation should include use of both high MW and low MW PBzMA polymers at
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varying polymer and salt concentration, could lead to a decrease in the LCST by
increasing polymer aggregation. Additionally, similar studies should include the use of
alternate ionic liquids (which exhibit LCSTs with PBzMA), so that (1) the LCST can be
lowered and (2) the electrolyte can be adapted to alternative LIB chemistries such as
LiCoO2 or LiMnO2 cathodes and graphite or lithium metal anodes, which would allow
Li-ion batteries with higher energy densities. Finally, alternatives to PBzMA, such as
poly(n-butyl methacrylate and poly ether derivatives) should be investigated as a way of
lowering the LCST or utilizing more stable ILs.
The final recommendation for the IL based RPEs is that the reversibility of the
responsive polymer electrolyte systems on the carbon supercapacitor cells and the LIB
cells be investigated thoroughly, along with local hotspot overheating and mitigation.
While it has been visibly proven that the PEO/IL and PBzMA/IL systems will redissolve
after cooling down below the LCST, the reversibility of RPEs in energy storage devices
has not been demonstrated outside of the aqueous systems. In order to use RPEs as a
safety mechanism in large-format energy storage, one of the following needs to be
achieved: (1) the polymer electrolyte re-dissolves in solution as the cell cools below the
LCST, (2) microscopic patching must occur, where the electrolyte phase separates and
irreversibly seals a troubled hotspot, or (3) the polymer electrolyte completely shuts off
high power Li-ion devices before the high global temperatures that melt trilayer battery
separates is reached and thermal runaway is initiated.
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Appendix A
Aqueous Responsive Polymer Electrolyte Titration Comparison Above and Below the
LCST

Figure A-1 Average of several acid-base titrations performed on the pN-8.1A aqueous
RPE at room temperature (blue) and 50 ⁰C (red) using 0.1M NaOH. The difference in
the titration inflection point (at a pH of 7.0) shows only a minimal difference at high and
low temperatures, indicating that the temperature and thermal phase separation did not
have an effect on characterization of the acid content of the polymer electrolyte.
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Appendix B
Concentration effect of AIBN on the MW of aqueous responsive polymer electrolytes

Figure B-1 In an attempt to create low molecular weight (MW) pNcA polymers at
approximately 1,500-2,500 MW, the free radical initiator concentration (AIBN) was
increased by 5-10 fold. The resulting polymer, however, showed only a slight decrease
in MW at these high initiator concentrations. Polymers of low acrylic acid concentration
(red; ~8-9 %) and high acrylic acid concentration (blue; ~3-4%).
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